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SIITOPSIS 

The present investigation involves the study of some 
process variables on the development of cube texture in 48 
permalloy. To carry out this work, some experimental set 
up like controlled atmosphere annealing furnace, magnetic 
test equipment etc. have been fabricated. The process 
variables, taken into consideration for the development of 
cube texture, are percent reduction in thickness in cold 
rolling, temperature of annealing, time of annealing and 
addition of impurities or alloying elements. Texture deve- | 
loped was studied through x-ray diffraction technique using 
a texture goniometer. Prominent cube texture together with 
some secondary textures appears to be produced when the 
alloys are cold rolled to 98% without intermediate annealing J 
and is followed by annealing at 1058°C for 4 hrs. The i 

secondary textures get reduced considerably when the alloys 
contain reasonable amount of manganese ( l^o) and cold rolled 
to at elevated temperature 250°C) prior to annealing 

at 1058*^0 for 4 hrs. 
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INTRODUCTION 



CHAPTER I 


IFTRODUCTIOH 

Soft magnetic alloys are used for making transformer 

cores. Generally there are two types of transformers - 

(1) transformers for low frequency ('^50-60 Hzs) use in which 

usually bcc Ee-Si alloys are used and (2) transformers for 

high frequency (j> 50-60 Hz) use. Por the latter case fee 

Fe-Hi base alloys are used due to their very high initial 

permeability, low loss and small coercive force. The Fe-Hi 

base alloys are known by various trade names depending on 

the variation in Fe and Hi contents, alloying element 

content and specific thermal and/or mechanical treatments. 

The Fe-Hi alloys are usually called permalloys whereas 

a certain copper added Fe-Hi alloy is called p,-metal, a 

added 

certain copper and molybdenum/Fe-Ni alloy is called 1040 
alloy and molybdenum added Fe-Ni alloys are called Mo- 
permalloys and supermalloys . 

Commercial permalloys contain 40 to 80®/oNi (alloy 
compositions are given in weight percent unless otherwise 
stated). They are usually named according to their nickel 
content, e.g., 45 peralloy contains 45%nickel. The usual 
commercial permalloys are 48 permallo;/, 65 permalloy, 78 
permalloy even though quite often other permalloy composi- 
tions are found in specific uses. Magnetic properties of 
permalloys can be varied quite extensively through suitable 
heat treatment. For suitably heat treated peimalloys 
(permalloy treatment) the magnetic permeability is found 
to increase with increase in Hi content and reaches a 
maximum at about 78% Hi, Isoperm and a-metals are two 
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copper bearing permalloys containing about 45 to 50^ Ni 
and 75% Ni respectively and copper varying from 5 to 15^. 
Commercial p-metal contains about 5% Cu with or without 
some small amount of Cr. Copper containing permalloys 
respond to permalloy treatment. The most important Mo-perffi- 
alloys, 4-79 Mo permalloy and supermalloy, contain AV BXidi 

/ O 

5^ Mo respectively. Addition of small amount of molybdenum 
causes a large increase in initial permeability, low 
coercive force and high electrical resistivity. The only 
important molybdenum and copper containing commercial 
permalloy is 1040 alloy which contains about 14^ copper 5/^ 
molybdenum, 72^ nickel and rest iron. The most remarkable 
property of this alloy is its high initial permeability and 
low coercivity. For easy comparison, the magnetic proper- 
ties of various Fe-Ni alloys are given in Table I together 
with some typical uses of these materials. 

Even though^ Fe-Ni base alloys are in commercial 
use in our country, the required material is not made here 
but is imported from abroad. The processing of those 
materials is not difficult but the development of optimum 
properties depend on careful choice and variations of 
processing parameters which are usually not given out in 
detail in literature. Hence under a general plan to study 
these group of alloys this investigation concentrates on 
the study of permalloys. A more detailed survey of perm- 
alloys is thus given in the following sections. 
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1.1 Permalloys -Survey of Literature 

1.1.1 Pha.se equilibria 

The Pe-Ni phase diagram is given in Pig. 1. A 

continuous series of solid solution of Pe in ETi (fee) occurs 

at higher temperatures but at room temperature it is stable 

above 40^^ Ni. The foe solid solution, however, undergoes 

an order-disorder transformation with a maximum critical 

temperature of-^500°C at the PeNi^ composition. The rate 

of ordering is reported to be sluggish, taking about a week 

at 450°C for complete ordering , The crital temperature 

for ordering decreases with increase in Pe content. 

ETeutron irradiation has been found to bring about an 

ordering reaction in 50 Ni-Pe alloy ^ . The fee Pe-M 

alloys are ferromagnetic - the curie temperature also goes 

through a maximum 612°C) at about 65%Ni composition. 

If the Pe-ETi alloys are not allowed to produce LRO , the 

SRO state may bring about magnetic anisotropy in Pe-Ri alloys 

4 

through suitable magnetic treatment 

The Pe-Ni alloys can be classified into two cate- 
gories with respect to the crystallographic orientation of 
their grains - (1) nontextured permalloys in which the 
grains are randomly oriented with respect to each other 
and (2) textured permalloys in which the grains are oriented 
with one of their crystallographic direction parallel to 
each other. The processing of the two varieties of perm- 
alloys are different and are discussed in some detail in the 
following sections. 



1.1.2 Nontextured Permalloys 


1. 1.2.1 Fabrication and heat treatment of pemalloy 

tapes and wires 

Permalloys are generally melted in arc or induction 
furnace under an alkaline slag or in controlled atmosphere 
of hydrogen or argon. About 0.5/l>Mn is added for better 
ductility and easy fabrication. Usually 0.2^ A1 is added 
for deoxida-tion. Carbon, is kept usually below 0.1^ . The 
arc or induction melted ingots are heated to 1200°C and 
hot rolled to about 5/4* thickness. The hot rolled material 
is then cold rolled to 0.002" thick strips.. Then it is 
again annealed in closed pots ,at 900°-950°G for 1 hour 
followed by cooling at a maximum rate of 100°C/hr upto 
600°C. Finally an air quench is accomplished by removing 
the completely fabricated material from the furnace at 
600°C and cooling it in still air by placing it on a copper 
plate. This treatment is called 'double treatment* or 
'permalloy treatment'. 

1. 1.2. 2 Magnetic properties of nontextured permalloys 

Magnetic properties of permalloy are dependent on 
composition of alloys and heat-treatment given. Increase 
in Hi content increases both initial and maximum permeabi- | 

i 

lity which reaches a maximum at about 78^^ Hi if permalloy 1 

treatment is given (Figs. 2 and 3) . Coercive force is also- 
minimum for double treated 78 permalloys (Fig. 4). It has 
been found that optimum magnetic properties can be i 

produced if the magnetic field is present during the cooling | 
of alloy between curie temperature and 350 C. The magnitude j 
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FIGURE CAPTIONS 

FIG. 1. Fe-Ni binary diagram. 

FIG. 2. Effect of heat treatment on initial permeability 
of Fe-Ni alloys. 

FIG. 5. Maximum permeability of Fe-Ni alloys due to 
different heat treatment. 

FIG. 4. Coercive force of Fe-Ni alloys of ordinary 
purity.. 

FIG. 5 - Maximum permeability of 78 permalloys on annealing 
in a magnetic field. 
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of the magnetic field necessary for this purpose is very 
small. For example, for 78 permalloy the reciuired field 
strength is*«1.0 Oe (Fig, 5), 

I.il.3 Textured Iron-Nickel Alloys 

A polycrystalline material is said to posses a 
texture if all or major part of its crystals are oriented 
im such a way that one crystallographic direction of all the 
grains become parallel to each other. Texture is very 
important for magnetic materials because the magnetic pro- 
perties are anisotropic in nature. For example, the magne- 
tisation vs. field^curve for single crystal of Ni (fee 
structure) shows that (Fig. 6) of the three crystallographic 
directions <|^11^ , <^110^ and (^lOC^ , the easiest direction | 

of magnetisation is along the <;|^111^ direction. All the 
Fe-Ni alloys of interest are with fee structure and show the [ 
same type of behaviour as Ni, i.e. ^111^ direction is the 
easiest direction of magnetisation. Thus better magnetic : 

i 

properties can be achieved in the alloy if all its grains 

can be oriented with a desired crystallographic direction I 

parallel to each other. 

I. 1.3.1 Cube texture in Fe-Ni alloys 

The Fe-Ni alloys for commercial use as transformer i 

I 

material is usually in the form of sheets or tapes produced 
by cold rolling and subsequent annealing. In cold rolling, one 
crystallographic plane tends to become parallel to the rolled 
surface and one crystallographic direction tends to become para- 
11 el^rolling direction. For Fe-Ni alloys, like many other fee 
metals (e.g., Cu), the rolling texture is given approximately 
as (110) [ll2] or more precisely as (123) [412 ] major ^ ^ 



o 

+ (146) [211] minor . The cold rolled texture is not the 
desired one as the easy magnetic direction does not align 
itself to the rolling direction, When the cold rolled 
sheets are annealed various kinds of annealing textures, 
which are different from the rolling texture, can be 
produced^none of which corresponds to the desired one. 

When the cold rolled material is. annealed under a very 
specific set of conditions, it is possible to produce quite 
perfect cube t exture ^ 100^ <ipOl]> , in which plane is 

parallel to the rolling plane and <^001j) direction is parallel 
to the rolling direction. Thus, even though the most easy 
direction cannot be obtained in Fe-Ni sheets, it is possible 
to achieve perfect alignment of the third easy direction 
of magnetization. Compared to a random texture or a 
texture with a still harder magnetic direction parallel to 
the rolling direction, it is advantageous to produce cube 

g 

textured Fe-Ni sheets and tapes. Early studies of Muller 
indicates that cube texture in Fe-Ni base alloys can be 
developed over wide composition range as shown in Fig. 7. 

The studies of fee metals and alloys, e.g. Cu, 
indicate that perfect cube texture development requires 

fulfilment of several conditions. These conditions may be 

• ^ 10 
summer! sed as 

(1) requirement of very high deformation by cold 
working prior to annealing, 

(2) Emplo 3 rment of high annealing temperature, 

( 3 ) -Ehiploymen of long annealing time, 

(4) Small penultimate grain size. 



As all the Fe-IIi alloys of interest have foe structure, 
the same guidelines may he used for the development of 
cube texture in permalloys. 

I. 1 . 5.2 Effect of impurities on texture and magnetic 
properties of Ee-Ni alloys 

The Ee-Ni base alloys are usually prepared from 
pure elements. The usual impurities are those present in 
the parent materials. These are C, S, Si, Mn, O 2 etc. ^ 
Benford^^ has studied the effect of Si on the sharpness 
of cube texture produced in 50 wt^Ni-Ee alloys (Eig. 9). 

It appears from the figure that the rolled sheets, thickness 
between 0.004" to 0.006", produces sharp cube texture in 
alloy containing 0. 028^^31 (curve A) whereas still smaller 
thickness, 0.002” to 0.003" > is required to produce similar 
texture sharpness in an alloy containing 0.67%Si. Thus 
Si addition appears to be detrimental to the cube texture 
formation. 

12 15 

Colling and Aspden and Ames separately studied 
the effect of S on the magnetic properties of 49 Ni-Ee 
alloys and Mo-permalloys respectively. Colling and Aspden 
found that high permeability could be achieved in their alloys 
if S '-content was kept below 12 ppm. Ames likewise found 
that the permeability decreased with increase in S whereas 
coercivity increased (Eig. 10). 

The only systemetic study of the effect of the 
impurities on the annealing temperature for producing best 
magnetic properties has been made by Savitski^^. In this 
study, the alloys were prepared from electrolytic Ee and 
Ei at the equi weight composition with intentional additions 




of S (0.025^added as FeS), oxygen (0.015^ added as 
Pe20^),Si (0.025%) and Mn (0.5%and 1%). Alloys were 
processed in the conventional way of permalloy production 
and the results were summerised as the effect of impurities 
on temperature range. of annealing in which good magnetic 
properties (good loop squareness, low coercive field, 
high incremental permeability and high saturation density) 
can be produced. The results are shown in Fig. 11 which 
can be summerised as follows: 

(1) Mh additions are beneficial as it gives reasonably 
wide permissible annealing temperature range to 
produce good magnetic properties. 

(2) Oxygen alone drastically narrows the permissible 
annealing temperature region. 

(3) Si tends to lower the pemissible annealing range 
when it is present alone or with Mh and oxygen. 

(4) S tends to narrow the permissible annealing range 
and drastically pushes it to higher temperature. 

Thus among all the alloying elements, only Mn appears to 
improve all the four magnetic properties. 

I. 1.3. 3 Effect of inclusion, grain diameter and size 
on texture and magnetic properties 

Apart from dissolved impurities, inclusion, grain- 

size etc. have also marked effect on texture and magnetic 

15 

properties. Ananthraman, Coles and Slepian studied the 
effect of inclusion on the stability of cube texture. 

Using electron microscopic study, they concluded that cube 
texture in 50 Ni-Ee-alloys would be stable if the inclusions 
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FIGURE CAPTIOUS 

EIG. 6. (B-H) vs. H curves for Nickel single crystal 

measured along different crystallographic 
directions. 

FIG. 7. Recrystallization textures in Fe-Ni-Cu alloys. 

FIG. 8, B-H loop of 50 Ni-Fe alloy for different sheet 

thicknesses. 

FIG. 9. Quality of cube texture produced in 50 Ni-Fe 

alloy as a function of rolled grain thickness, 

(A) Fe-Ni alloy with 0.028^oSi, (B) Fe-Ni alloy 
with 0 . 67^ Si. 

FIG. 10, Magnetic properties of Mo-permalloy as a fimction 
of sulfur content. 

FIG. 11. Permissible annealing temperature range for 

50 Ni-Fe alloys at different impurity contents. 












Temperature 


Symbols 

Hot rolled at high temperature 
Hot rolled at low temperature 
Hot rolled at high temp, and annealed 
after hot rolling 

Hot rolled at low temp and annealed 

after hot rolling 

1.0 ■% manganese 

0.5 % manganese 

0.25 % silicon 

0.025 Vo sulfur 

0.015 Vq oxygen 
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were very finely dispersed (submicron size) in the material. 
If dispersion is not fine, secondary recrystallization 
would occur very easily after annealing at 1050°C (within 
2 hours) whereas in the finely dispersed .alloys, it 
occurs with difficulty after annealing above 1250°C for 
several hours. 

Benford^^ has studied the effect of penultimate 

grain size on cube texture of 50^1i-I'e alloys. According 

to him the sharpness of cube texture of this alloy is 

dependent on penultimate grain size (P G S ) or rolled 

grain thickness (RGT) which is a function of PGS and percent 

reduction. RGT was calculated by assuming the grains of 

a slab to get reduced in thickness in proportion to the 

slab reduction, an assimiption used also by Cook and 
1 f) 

Richards^°. It was found that RGT of 0.004" to 0.006" 

17 

produced sharp cube texture (Pig. 8) . Dahl and Pawlek 
have also found similar behaviour in their 50*^ Ri-Pe alloys. 
A decrease in hysterisis loop occurs due to RGT effect is 
also evident from the results reported by W.asserman and 
Wenner^® (Pig. 8). 

19 

littman, Harris and Ward studied the effect of 
grain size on texture of 48^ Hi-Pe alloys and observed that 
the grain structure should be homogenous and should consist 
of either very small j 10^ ■ip0l)> primary grains or large 
) 120) <(^00lj> secondary grains free from annealing twins. ; 
Mixture of large and small grains appears to cause greater 
magnetic loss because of the difference in the hygterisis 
characteristics between the large and small grains. 
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Alder and Pfeiffer studied the effect of grain 

Oj 

size and inclusion on coercive field of 47 . 5 A Ni~Pe alloys 
and determined two emperical relations as given helow: 


- 11 


w 1 


16 

•^0 s 


... ( 1 ) 


where ^ ^ is wall energy, is saturation magnetisation, 
Pq is initial permeability, is coercieve field and 
dj^ is average grain diameter. 


and , 


^CO ^ ^Ci 


8(— ) + 28 (~) X 10~^ cm^ 
'em cm P 


... ( 2 ) 


where H^q = Coercive field for pure alloy, = coercive 

field for inclusions, = No of particles/cm and di is 
average diameter of inclusions in the range of 0.02 to 
0.5 M-m. 


1.2 Fabrication of cube textured permalloys with appro- 
priate magnetic property 

To produce cube texture, the alloys are prepared 
and processed through several stages. These are 

(1) Melting and hot working, 

(2) Cold rolling, 

(3) Annealing to produce the desired texture, 

(4) Magnetic annealing or cooling in magnetic field. 
For development of texture usually the latter three stages 
are more important than the first one. The details of 
each processing step are given in this section. 



1.2.1 Melting and hot working 


From the previous discussion it has been seen that 

to develope appropriate texture in the alloys the impurity 

content should be as low as possible, Now a days, most of 

the melting is done in controlled atmosphere induction 

furnace. The atmosphere usually used is argon but sometimes 

hydrogen also is used. Deoxidizers are added to the melt 

21 

to lower down its oxygen content. Colling and Aspden , 
however, have found that highest initial permeability is 
obtained if no strong deoxidizer is used. The adverse 
effect of strong deoxidizers such as Si and A1 are attri- 
buted to the increased susceptibility of the alloy to 
internal oxidation in a dry hydrogen annealing furnace. The 
effect of deoxidizers on initial permeability, as found 
by Colling and Aspden, is given in Table II. 

The alloys after melting are usually cast in steel 
moulds. The cast alloy is then hot rolled or hot forged. 
This is done only to reduce the thickness of the alloy and 
has no effect in producing the final texture. Sometimes 

the hot-worked alloy is annealed before further processing. 
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Some investigators have reported that it is detrimental 

23 

to the final magnetic property whereas some others have 
indicated that there is no effect of intermediate auuealing 
in producing cube texture. 

1.2.2 Cold rolling 

Cold rolling is a very important step for developing 
cube texture. The desired cold rolled texture to produce 
cube texture is copper type te,i:ture ( Figs. 12 and 13 ). 



amount of cold rolling is very critical. According to 

some investigators^'^, the cold reduction should he atleast 

d5^I^OT more whereas some others^^^^f indicate that cold 

reduction should he at least .90^. Excess cold reduction^ 

on the other hand, has been found detrimental tc cube 

23 27 

texture formation Generally the amount of cold 

reduction varies from 90 - 98 ^ 5 depending upon the material. 

Besides the amount of cold reduction, cold reduced 

sheet thickness appears to have; considerable effect on 

( 23 ) 

the achievement of cube texture. It has been foimd^ ^ that 
for 50/i,N'i-Pe alloy cube texture cannot be produced when 
the sheet thickness is 0.001” whereas sheet thickness 
greater than 0.001" gives good cube texture. For sheet 
thickness greater than 0.001" , cube texture can also be 
produced by annealing even after etching off of the 
surface layers. This probably suggests that the nuoleation 
of cube texture occurs deep, within the material ■. whi’tfc 
material is less disturbed than the surfaces of cold rolled 
material. When the sheet is too thin (X, 0.001") the central 
less disturbed layer practically vanishes thereby producing 
unfavourable condition for nucleation of cube oriented 
grains whereas for thicker materials removal of surface 
layers (disturbed layer) by etching leaves behind the less 
disturbed inner layers which are favourable for nucleation 
of cube oriented grains. 

In cold rolling of metals and alloys, the following 

. 23 ' ■ " ' ' ■■ 

interesting observations have been made : 

(1) The nature and degree of preferred orientation 
are independent of roll diameter (at least from 



1^*' to 24") j reduction per pass (tested from 
lOy^to 307 c) and rolling speed, 

(^) For unidirectional rolling 180° rotation of liie 

specimen (end over end rolling) does not have any 
effect on texture. 

(3) The application of tension to the strip as it 

passes through the rolls does not have any effect 

on the orientation hut smaller diameter rolls 

gives greater range of scattering about the 

pq ■^0 '51 

transverse direction . 

1.2.3 Annealing of Fe-Ni alloys 

Cube texture is an annealing texture. It is pro- 
duced by annealing the cold rolled sheets at appropriate 
temperature for appropriate time. Temperature and time of 

annealing for producing cube texture varies from material, 

32 

to material. According to Bumm and Miller time and tem- 
perature should be such that both recrystallization and 

grain growth can occur. But at the same time secondary 

33 

recrystallization should be prevented because the secondary 
grains produced from primary cube texture are of different 
orientations (e.g. (120) [201] or (102)[20l] or (112)[hk;l] 
where [hkl] is a high indices direction). Secondary recry- 
stallization also takes place if the cold deformation is 
non-uniform or if the rate of heating during annealing is 
too high. Usually for Fe-Hi alloys the temperature and 
time of annealing varies from 1050'^C-1250°C and 4 hours to 
16 hours respectively^^ 



I. 2. 5.1 Effect of rate of cooling and atmosphere of 
annealing on magnetic properties 

Rate of cooling after annealing appears to be 

very important for developing initial permeability of Re-Ni 

54 

alloys. D.J. Snee-^^ studied the effect of cooling rate 
on initial permeability of p metal of different compositions. 
The alloys were annealed in dry hydrogen and then cooled 
at rates 10°C/hr to 1100‘^C/hr. His observations are shown 
in Rig. 14 which indicates that goes through maximum at 
certain cooling rates varying from alloy to alloy, in 
emperical equation was derived relating permeability with 
alloy composition and cooling rate (100°C/hr to 550°C/hr) 
using regressional analysis and is given by 

Ii^ = [45.090 + 0.0065 RX - 2.4405 + 17.438 Y 

- 0.01914 RY + 14.866 XY + O.OOOOIR^XY 

- 24.9499 Y^ - 0.0001777 R^Y^ + 15.0252 XY^ 

+ 11.4260 X^Y] .10^ ... (3) 

where R = cooling rate, X =/^Hi and Y =^Cr 

The calculated values from above equation show good agreement 

with experimental results. 

Generally hydrogen or argon gas is used as the 

annealing atmosphere. Rrom the available literature it is 

not very clear wheather or not atmosphere of annealing has 

55 

any effect on magnetic property. According to Lehr-^ and 
56 

Coffi highest permeability can be obtained by annealing 
in hydrogen atmosphere because hydrogen is a strong reducing 
agent and is reportedly capable of removing impurities like 
oxygen, carbon, nitrogen and sulfar from the material being 
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annealed. Stefan and Arato^"^ have annealed 50^ Ni-Pe. 

/ o 

alloys in two conditions, one in pure dry hydrogen and the 
other in vacuum in the order of 10 torr. They, however, 
concluded that these two conditions did not produce 
appreciable change in texture or in magnetic properties of 
Pe-Ni alloys. 

/ 

1.2.4 Magnetic annealing 

Magnetic annealing means annealing of a material 

under a magnetic field at some suitable elevated temperature 

which is below the curie temperature of the alloy. It was 

first tried by Kelsall^® for 78.5%Ni-Pe alloy. In Pe-Ni 

alloys [lOO] orientation shows good response to magnetic 

annealing where as [ill] does not , Thus, the penneability 

and squareness of the B-H loop for the cube textured alloy 

is expected to increase through magnetic annealing, 

2 6 

Martin et^- al. studied the effect of magnetic 
annealing on 53 to 58^^ Hi-Pe alloys, as shown in Pigs 15 to 
17. Prom Pigs. 15 and 16 it is found that permeability 
increases and magnetostriction decreases with magnetic 
annealing. This is due to short range directional ordering 
of Pe-Ni atom pail’s. Since magnetic coupling energy of a 
pair of atoms generally dependes on the kind of atoms, in 
this case Pe-Pe, Pe-Ni, li-Ui, magnetic annealing of Pe-Ni 
alloys below their curie temperature, but above their criical 
temperatui’e of LRO, tends ' to align the atom pairs with 
minimum coupling energy in. the field direction. Past cooling 
of alloys after the above magnetic annealing freezes this 
short range directional order structure. This gives rise 



to uniaxial anisotropy with, easy axis of magnetisation 

along the field direction and subsequent measurement in 

this direction produces square hysterisis loop. If an 

applied field is absents the anisotropy becomes aligned 

randomly by local magnetisation of the domains resulting 

39 

in constricted B~H loop . In Fig. 15, with increasing 
annealing temperature the initial permeability curve shows 
a peak at 470°G and a decreased loop squareness. These 
results can be explained in terms of relationship between 
crystal anisotropy constant and uniaxial anisotropy 
const Pfeifer concluded that high initial permeability 

was achieved when and a T^ctangular loop is 

produced when K^. For Fe-Ni alloys uniaxial anisotropy 
decreases as the annealing temperature approaches the 
curie point^^ (Fig. 18). The crystal anisotropy increases 
with magnetic annealing temperature^ and the highest 
Initial permeability in 58*^Ni-Fe alloy is observed at 
470°C where and E are similar, At lower temperature 

■ ' JL ' *□. 

where is greater than a retctangular hysterisis loop 
is observed. 

The field required for magnetic annealing is very 
low (e.g. , <^100 Oe) and time of annealing varies from 2 to 
6 hrs^^. The rate of cooling after magnetic annealing 
should be very high (at least 30°C/sec)^^. A puzzling and 
still unexplained aspect of magnetic annealing in permalloys 
is the observation that field heat treatment is not effecive 
if too little oxygen is present in the specimen^^, 
results also have been fontJ^ permalloys^^. 


Similar 
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I. 3 Statement of the Problem 

The literature review presented in the previous 
sections shows that improvement in the magnetic properties of 
permalloys can be achieved through the development of a 
suitable texture (cube texture) and through suitable magnetic 
annealing or cooling. Development of texture and suitable 
magnetic properties in permalloy requires an experimental 
set up which involves facilities for hot and cold rolling, : 
controlled atmosphere annealing, magnetic annealing, magnetic 
and x-ray characterization. While several basic facilities i 
like rolling mill, texture goniometer etc. were available, ; 

no s-oltable facility for controlled atmosphere annealing, | 

magnetic testing etc. was available and had to be developed. | 
Hence a part of the present work involved fabrication and 
setting up of siiitable facilities for carrying out work on ^ 
textured magnetic materials. | 

In the present investigation, cube texture development 
in 48 permalloy has been taken up due to its great commercial 

importance. The available literature gives only general | 

I 

procedures for the development of cube texture but it possibly I 
does not give the exact process to be employed in order to 
develop perfect cube texture in Ni-Pe alloys. This is ! 

borne out by the fact that different authors claim the | 

importance of different process parameters for obtaining 
the best results. The different process variables available 
from the literature can be fummerised as percent cold 
reduction, annealing temperature and annealing time. Effect j 
of alloying elements, .like Si,; on the development of cube 
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texture have been studied. Whether any other process parameter 
is important for producing maximum amoimt of cube oriented 
grains is not clearly indicated in any published literature. 
Hence, the effect of the indent if ied process parameters (as 
identified above) on the development of cube texture in 48 
permalloy has been attempted. The available literature indicate 
that high amo-unt of deformation (85 to 98 pet. reduction in 
thickness), high annealing temperature (900'tto 1200°C) and 
long annealing time (2 hrs to 16 hrs) are required to produce 
perfect cube texture. Eventhough the composition of the perm- 
alloys remain practically the same, the wide variation in the 
choice of process parameters in one investigation and another 
indicate that the choice of a set of parameters is possibly 
typical of a given alloy prepared under a given condition. 

This may also indicate that the minor elements (impurities or 
intentionally added ones) are possibly quite important. Hence, 
besides the three process parameters, composition of alloy in 
terms of minor alloying elements is also considered in this 
investigation as a possible process variable. 

The alloys are proposed to be melted under argon 
atmosphere, hot forged or hot rolled, cold rolled and finally 
annealed under protective atmosphere of argon or hydrogen gas. 
The texture produced is proposed to be studied through the 
use of x-ray diffraction technique employing a transmission 
texture goniometer or a Laue camera. Magnetic tests are pro- 
posed to be done using a magnetoflieter and an Epstein test 
frame. The major emphasis of this work is in finding the 
proper choice of process parameters to develop perfect cube 
texture. 
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FIGURE CAPTIOUS 


PIG. 12. 
PIG. 13. 
PIG. 14. 

PIG. 15. 


(Ill) pole figure for cold rolled copper* 

(200) pole figure for cold rolled copper. 

Effect of cooling rate and composition of alloys 
(near 76*^ Ui, 2.6^ Or) or initial permeability. 

Permeability vs. flux density cTirves for 58 Ui-Pe 
alloys: (A) After primary heat treatment at 
1200°C, (B) After subsequent magnetic annealing 
at 470°C and (C) a conventional 50 Ni-Pe alloy. 


PIG. 16. Magnetostriction vs. flux density curves for 

53 Ui-Pe alloys: (A) after magnetic annealing at 
450°C and (B) before ma.gnetic annealing (after 
primary annealing at 1200°C). 


PIG. 17. Initial Permeability (^Lq) and squareness (B^/B^) 
vs. temperature of magnetic annealing for 
58 Ui-Pe alloys. 

(E) 

PIG. 18. The dependence of Induced uniaxial anisotropy> on 
the annealing temperature for Pe-^Ui alloys. 
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TABLE II 

Effect of Deoxidizer on Initial Permeability 
of 49 permalloy 


Deoxidizer Cone. (wt%) 

Initial permeability 

1 14n 

13450 

0 . 52 % to 

13450 

0.48% Si 

12300 

0.98% Si 

9050 

0.29%A1 

7500 

0.31% A1 

7300 
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CHAPTER II 


EABRICATIOE OP EQUIPMENT 

To carry out investigation on textured magnetic 
alloys, like Pe-Ni alloys, the following facilities are 
required; 

i) Melting in induction furnace under controlled 
atmosphere, 

ii) Purnace for hot working of alloys, 

iii) Hot and cold rolling, facility, 

iv) Controlled atmosphere annealing furnace with 
provision for magnetic cooling, 

v) Magnetic annealing furnace, 

vi) Magnetic measurement facility, 

vii) X-ray diffractometer with texture goniometer, 

viii) Pacility for using Laue technique with sheet 
metal specimen. 

Several of these required facilities, e.g., controlled 
atmosphere induction melting furnace, hot and cold roller 
and x-ray diffractometer with texture goniometer were 
available. The other facilities had to be developed. A 
brief account of the design and constructional details of 
fabricated equipment are presented in the following sections. 

11. 1 Purnace for Hot Rolling 

11.1.1 Design consideration 

Since no tilt pour arrangement is possible with 
available controlled atmosphere induction furnace, alloys 
melted are allowed to solidify in the crucible. The ingots 



are of cylindrical shape, diameter varying between 
0.8" to 1.25". These ingots required hot working (rolling 
or forging) to break down the cast structure and to reduce 
the ingots into rectangular parallellopiped shape for 
proper cold rolling. For Fe-Ni alloys '.ot working 
temperature is generally in the range of 1000°C-120G°C , 

For this purpose, a high temperature furnace capable of 
going upto 1200°C is needed. Since the melt size is small, 
a Kanthal A wire wound tubtiar furnace is considered 
suitable for this work. This furnace is easy to construct 
and can be used continuously at 1150'^C and for a short 
■'■ime at 1200*^0. Accurate control of temperature for hot 
working is not required because the working temperature is 
not a fixed one but is a range of temperature varying 
between 1000°C to 1200°C. Because of this reason the 
furnace need not have a very wide uniform temperature zone. 

A variation of + 10°C within 4" to 6” aroimd the centre 
of the furnace can be tolerated. 

11.1,2 Constructional Details 

A 2.5" ID and 18 ’’long Mullite tube was wound with 
18 gauge kanthal A wire and was used in a 15" aluminum shell 
to make the furnace. The furnace winding used was 6 turns/ 
inch over the central 15 " length followed by 8 tums/inch 
for the 1.25" at the two ends. An one fourth inch layer 
of alumina cement paste was applied on the tube to keep 
the wire in position so as to prevent short circuit and 
exposure of hot wire to the atmosphere. The gap between 
the shell and the tube was packed by an insulating material 



(Magnesia-asbestos powder). The furnace was mounted on 
a structure fitted with wheels so that it could be taken 
to any place as desired. For placing the ingots inside the 
furnace and for their easy withdrawal after attaining the 
temperature, a 12” long specimen holder of mild steel 
plate was made. Inside the furnace tube, two pieces of 
refractory bricks shaped in semi-cylindrical form^was 
placed in the cylindrical furnace tube to provide a flat 
hearth along the length of the furnace. Plugs of refractory 
insulating bricks covered both ends of the furnace. 

Through the back refractory plxig a thermocouple was inserted 
into the hot zone for monitoring the furnace temperature. 

At the operating end of the furnace a permanent platform 
of cement asbestos plate was provided for easy insertion 
and withdrawal of the specimens. The platform was so 
placed that its top surface was level with the hearth and 
it also prevented the hearth brick to slip out during 
specimen withdrawal. 

As the furnace did not need very accurate control 
of temperature, ,a temperature controller was not attached 
to it. At maximum temperature the current flowing through 
the furnace was 5 amp. Hence a standard 15 amp. out let 
was sufficient for the power connection to the fumace. 

A continuously variable voltage transformer was used for 
proper selection and maintainance of temperature.^^^^^^ 

II.1.3 Testing of the Furnace 

The furnace temperature selection was through 
selection of a suitable applied voltage across the furnace 
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terminals. Near 1100 C a hot zone of about 4'* length with 
a temperature variation of + 10°C was obtained in the 
furnace. Por ease of temperature selection^a voltage 
temperature curve was reqixired. To obtain this, the furnace 
was kept at a fixed voltage overnight to attain a steady 
temperature corresponding to the set voltage and the 
temperature of the hot zone was measured with a platinuun 
vs. platinum lO'^^rhodium thermocouple. The voltage tem- 
perature curve obtained is shown in Pig. 19. The tempera- 
ture attained at a given voltage is also a function of 
ambient temperature. Since the data was obtained over a 
period of few months (during actual use of the furnace 
for hot working operation) the ambient conditions may have 
varied to some extent and is possibly the reason for the 
observed scatter of data points. However, the characteri- 
stics can be represented reasonably well with a straight 
line, as is expected, and is sufficient for the present 
purpose because there is no real need for accuracy of 
setting the temperature of the furnace. 

I I. 2 Controlled Atmosphere Annealing Furnace 

11.2.1 Design consideration 

This furnace is meant for annealing the cold rolled 
specimen in vacuum or in an atmosphere of argor? and hydrogen 
gases. An impervious furnace tube with provision for 
evacuation and gas inlet/outlet is thus needed. Since 
vacuum or gas seals are usually made by flanges attached 
to the furnace tube through sealing wax, adequate cooling 
arrangement of flanges is necessary. Some of the Pe-Ni 



alloys are known to improve ttieir magnetic properties if 
they are cooled in a small magnetic field. This can be 
done in the same furnace after the principal annealing 
treatment is over or the specimen may be cooled to room 
temperature and then magnetic cooling can be done by 
reheating the specimen in a different furnace. In this 
design, annealing in the same furnace was preferred. This 
needed a provision for specimen withdrawal from the hot 
zone to a cooler part of the furnace where a magnetic 
field is present. Two types of specimens are required to 
be annealed in the furnace - (l) Sheet specimen of size 
approximately 3" x 1" for texture study and (2) strip 
specimen of -j" x 4*' size, approximately 35 to 40 pieces 
at a time, for magnetic loss measurement. Since annealing 
temperature could be somewhat critical indeveloping 
perfect texture, the furnace with a long hot zone with a 
reasonably uniform temperature in the hot zone is desired. 
The furnace was designed keeping the above features in 
mind . 

II. 2. 2 Constructional details 

The annealing furnace is essentially similar in 
construction to the firrnace for hot working except that it 
has two tubes, the outer having the furnace winding and the 
inner one serves the purpose of controlled atmosphere 
annealing chamber (Fig. 20). The second tube is a 30” long 
impervious mullite tube of 2^” O.D. and 2" I .D. To the 
two open ends of this tube, two watercooled brass flanges 
were sealed with Apiezon black wax. The two flanges had 



two brass caps with 0-ring seals to produce a gas tight 
annealing chamber. One brass cap had been fitted with 
facilities for introduction of any desired gas and for 
eiracuation of the annealing chamber. The other brass cap 
was fitted with a specially designed valve outlet which 
could be connected to a vacuum gauge or a gas bublSer. 

To introduce specimen into and to withdraw it from the 
hot zone without breaking vacuum or gas seal, an 0-ring 
sliding joint was fitted at the centre of the front brass 
cap through which «an one eighth inch diameter stainless 
steel rod could be pushed in or out. The specimen tray 
was attached to one end of this stainless steel rod. To 
reduce the heat loss from the hot zone and to prevent the 
end caps to get unduly heated, two radiation shields were 
provided on the end caps. 

The inside tube of the furnace assembly was put 
somewhat vmsymmetrically in the outer tube so that it was 
sticking out on one side more than the other. To this side, 
a 5" long aluminum former having a single layer of copper 
wire wound on it was put to serve as a solenoid generating 
a small axial field. The coil was designed to produce a 
magnetic field of about 100 Oe. . .If the 

specimen required magnetic cooling, the specimen could be 
pulled out of the hot zone and put into the magnetic coil 
without breaking gas seal and thereby produce a cooling in 
a magnetic field. 

The wax seal used, melts at a temperature of 70*^0, 
Hence a continuous water flow is essential. Since the water 
supply was found inadeguate, an overhead tank with a capacity 



to hold about 1000 litres of water was constructed. This 
ensured stoppage of frequent furnace breakdown and ^ 

continuous operation, especially when long annealing was 
desired. 

11. 2. 3 Power Supply 

The furnace required accurate temperature control. 

The furnace power was provided through a variable voltage 
auto transformer through a suitable relay. An APLAB 
indicating on/off type temperature controller (range 0°C 
to 1200°C) was used to operate the relay at the set tempera- 
ture. The power supply and control arrangement was mounted 
on the same slotted angle frame which supported the furnace. 

A thermocouple (Pt vs. Pt + 10 ^Rh couple) was used as a 
temperature sensor to the temperature controller and was 
placed between the two furnace tubes for sensitive tempera- 
ture control. To gBnerate magnetic field in the coil, a 
small D.C. power supply unit was constructed to give a 
variable magnetic field through control of input current to 
the magnetic coil. ■ 

11. 2. 4 Testing of Furnace 

The furnace was slowly heated by increasing the 
input power supply voltage at the rate of about 30 T/hr. 

A slow heating is desired for avoiding thermal shock 
long life of the annealing chamber. At first the furnace 
was tested for vacuum operation. It has been found that 
if the mechanical pump> operates for about half an hour, 
vacuum comes down to 30 micron. The leak rate, when the pump 



was isolated, was foimd to be quite small indicating that 
there was no leak in the system. Since the furnace was 
basically to be used with an atmosphere of inert gas or 
mixed gas mentioned earlier, the furnace was not tested for 
higher vacuum. Even though annealing was to be performed 
in a gas atmosphere creation of vacuum was desired to cut 
down the time of flushing out air from the fxirnace and to 
cut down the volume of inert gas required for flushing. 

In order to see, #iat kind of temperature variation 
exists along the length of the furnace tube, the temperature 
profile of the furnace was determined (Eig. 21) . The 
furnace appears to have a 1" uniform temperature zone at 
the centre of the furnace at which temperature variation 
is within a degree. For a 5" zone at the centre of the 
furnace, the total variation is about 4°C (i.e. + 2°C). 

For a 4" zone at the furnace centre, the variation of 
temperature is + 4°C. Along the diameter of the furnace 
tube at least a 1" wide zone with luii form temperature 
(+ 2°C) exists. The temperature control of the furnace at 
the set temperature has been found to be within + 1^0. 

II. 3 G-as Purification Train 
II.3-1 Design consideration 

As mentioned in an earlier section, annealing of 

■ is 

Ni-Fe alloys /usually carried out in a gas atmosphere <|rgon, 
hydrogen or oontrolled mixture of argon and hydrogen may 
be used. Since the bottled gases are not pure and contains 
oxygen, moisture etc. , a gas purification train was needed. 
Oxygen from inert gas can be removed by passing the gas 
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through heated (at about 700°C) Cu and Ti chips and. 
moisture can be removed by passing through anhydrous 
calcium chloride. For, hydrogen purification, a Cu chip 
furnace together with moisture absorber is needed. Some 
times a suitable mixture of argon and hydrogen, gas is 
desired. For this purpose a gas mixer together with flow 
control arrangement for individual gases is nee'ded. These 
features were kept in mind in the contraction of the gas 
purification train. 

11 . 3.2 Constructional details 

Since an argon gas purification train was available, 
a, hydrogen purification train and a gas mixer was cons- 
tructed., The schematic diagram of it is shown in Fig. 22. 
The impure hydrogen and pure argon come, through two 
■different O.D. Cu tubes. The needle valve on these tubes 
can be used to control the flow rate of either gas . The 
Ar and lines are interconnected through a needle valve 
so that the hydrogen line can be flushed with argon before 
passing hydrogen gas. The two gas bubblers, containing 
diffusion pump oil, in the two gas lines were used as flow 
rate indicator. The purified and dried H 2 and Ar gases go 
through a mixer containing glass beads before going into 
the fiirhabe. A suitable ^ cold trap may be used to control 
dhe dryness of the gas. o 

II. 4 Epstein Test Frame 

The specific core loss of a material is defined as 
'the total power in watts expended per kilogram of magnetic 



PIGURE CAPTIONS 


PIG. 

PIG. 

PIG. 

PIG. 


19. Temperature vs. voltage curve for hot working 
furnace. 

20. Heat treatment furnace. 

21. Longitudinal temperature profile of the annealing 
furnace. 

22. Hydrogen gas purification train and Argon and 
Hydrogen gas mixer arrangement. 
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Parts List of Annealing Furnace 


Flange cover 

Water cooled brass flange 
Control thermocouple 
Stainless steel specimen tray 
Stainless steel pull rod 
Solenoid 

Impervious mullite tube 
Pull rod sliding seal 
Dual purpose vacuum valve 
Stainless steel radiation shield 


Black wax seal 




To vacuum gouge 
and 

gas bubbler 










material in which there is a symmetrical harmonically 
varying induction of a specified maximum value at a 
specified maximum frequency',^ Usually the coreloss test 
is done with the help of an Epstein test frame. 

11. 4.1 Besign consideration 

A standard Epstein test frame, as approved hy ASTM 
standards, makes use of a large amount of material and is 
not suitable for our purpose because there is no facility 
to produce large melts. Hence a small test frame was thought 
desirable. Besides the coreloss, it is also required to 
know the nature of the hysterisis loop of the material. 

Both these features can be combined in one unit provided 
we do not need accurate data on B-H loop. The Epstein test 
frame has been designed to take care of the two require- 
ments. 

11.4.2 Contructional details 

The test frame contains four hollow reactangular 
arms made of perspex sheet as shown in Fig, 25. The dimen- 
sion of the arms were 65 mm. x 10 mm. x 10 mm. On these 
arms, the primary and the secondary windings were made. 

The details of the design data are given in Appendix jji. 
These four arms were fixed on a perspex base. The specimens 
needed for the test frame are sheets of size 100 mm x 9.5 nim. 
The circuit diagram of the test frame is shown in Fig. 24. 

The test frame has been designed with a view to make loss 
measurements at fl-ux densities between 10,000. to 20^.009 
gausses at 50 Hz. With a suitable higheri.-l:i‘'eqnency_p^v^'' 
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supply, it ma,y be used for magnetic tests at say 400 Hz. 

II. 4- 3 Testing of Epstein test frame 

The Epstein test frame has been tested with 1 mm. 
thick hot rolled Ee-Bi strips supplied by HSL Ranchi. For 
these sheets, the specific core loss data is known. For 
testing the equipment, 32 pieces of strips weighing about 
200 gms has been accommodated in the four arms of the test 
frame. The measured characteristics of the test frame are 
indicated in Figs. 25 to 27. The specific core loss was 
determined by noting the wattmeter reading and the data is 
tabulated in Table 3* The loss values quoted and the 
values determined through the test frame appear to be rather 
different. The variation could be due to non-compensation 
of air fluxes. Also the actual magnetic induction in the 
coil could not be checked for want- of an axial probe for 
a Gaussmeter. Since no other tested material was available, 
further verification or calibration of equipment could not 
be done. The B-H loop, for these sheets was traced by an 
oscilloscope and is shown in Fig. 28. 

II. 5 Magnetic Annealing Furnace and Power Supply 

This furnace is required for annealing the already 
high temperature annealed sample under a constant magnetic 
field at a desired temperature just below the curie tem- 
perature of Fe-Fi alloys. Since it is difficult to produce 
a magnetic field in an A.C, operated furnace, it was thought 
appropriate to use a p.C. supply for the furnace so that 
furnace heating as well as nagnetic field generation can 



be done at the same time. Since a horizontal tube furnace 
req.uiring about 4.5 amp. current to reach 650°C was already 
available, a suitable power supply was only needed. As 
the field strength needed was rather low, few hundred Oes 
only and there is no stringent requirement of fluctuations 
of the generated magnetic field, a simple power supply was 
designed with the help of Electrical Engineering Department, 

I . I . T . Kanpur . 

The circuit diagram for the power supply is given 
in Fig. 29. To avoid large variation in field strength 
due to voltage fluctuation a three phase A.G. supply for 
the primary side has been used. Three indentical primary 
transformers with tappings corresponding to 4 IO volt, 400 
volt, 380 volt and 360 volt at primary side and current 
carrying capacity of 5*7 amp. has been used. The output 
voltage (132 volts if primary tapping is at 410 volt) can 
be controlled to a limited extent by changing the primary 
tappings. The minimum voltage obtained was 90 volts when 
the tappings of the primary side were at 360 volt. The 
output voltage and current can be measured by a voltmeter 
and an ammeter, provided with it. The amount of ripples 
due to fluctuation in D.C. supply was about 8®/^ in the no 
load condition and about 6 when connected to a load, 

IT. 6 Sheet Specimen holder for Laue Technique 

Daue technique may have to be used to determine 
orientation of the individual grains of the fabricated metal 
sheets. Hence a specimen holder for utilising laue technique 
for sheet specimen was thougl^necessary . The specimen holder 
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should he such that x-ray exposure can he given throughout 
the sample without dismantling it from the holder* Since 
the specimens are at least 1* ' x 1" and may he of maximum 
size 5" X 1" sufficient flexibility was needed for bringing 
any part of the specimen under the x-ray beam. 

Detailed drawing of the specimen holder is shown 
in Pig. 30. The specimen holder is a plate of brass 
mounted in a slotted vertical brass stand with the help of 
a brass screw. The holder can slide up and down and can 
be fixed at any desired position by tightening the screw. 

The vertical stand alongwith the holder can be moved hori- 
zontally on a slotted base and can be fixed at any desired 
position. The slot sizes are made such that a total 
vertical travel of about 3 t” aiid a horizontal travel of 
l-j" is possible. 

For testing purpose, back reflection Laue pattern 

of a 3' ’ X 1" lithium fluoride single crystal (a mono- 

chromater for Fluorescence attachm*at of diffractometer) 

was taken at three different points - one bottom most 

point, one top-most point vertically above the first point 

•and one at a point about away in horizontal direction 

:ion^ the second point Aw/ three patterns were found indentical 

indicating that the holder with as large as about 3" vertical 

motion and horizontal motion does not cause any change 
4 

in orientation. The Laun® patterns of the first and second 
positions are shown in Pig. 31 and Fig. 32.- Thus the speci- 
men holder will be ideally suited for finding relative 
change in orientation from one grain to another. 



FIGURE CAPTIONS 


FIG. 23. Details of Epstein test frame. 

FIG. 24. Circuit diagram of Epstein test frame. 

FIG. 25.' Secondary voltage vs. primary current curve 
obtained for Epstein test frame. 

FIG, 26. Ratio of secondary voltage to current vs. 

primary current curves for the Epstein test 
frame . 

FIG. 27, Primary voltage vs. secondary voltage curves 
for the Epstein test frame. 


FIG. 28. 


B-H loop obtained for 200 gms of hot rolled 
Si-Steel Strips. 







” *1 

CO 

LO 1 



•dujo3 

piouaps 1 

mn 

Q- 1 

^ ■ f. 





rren 





If* 







63 


PIG. 


PIG. 


PIG. 


PIG. 


FIGURE CAPTIONS 

29. Circuit diagram of the D.C. power generation 
unit for magnetic annealing furnace. 

30. Details of the sheet specimen holder for laue 
technique. 

31. Jjaue pattern of LiP single crystal fixed 

to the sheet specimen holder. The diffraction 
pattern corresponds to the bottom most part of 
crystal. 

32. Laue, pattern of the same liP single crystal fixed 
to the sheet specimen holder as in Pig. 31. The 
diffraction pattern corresponds to the top most 
part of the crystal. The crystal was only dis- 
placed vertically with the help of the vertical 


slide . 
















Fig. 31 
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TABLE III 


Epstein Test 

Frame Data 

for 200 gms 

HSl Si Steel Sample 

V 

P 

Primary voltage 
in volts 

Secondary 
voltage in 
volts 

I 

p . 

Primary 
current in 
mA 

Power loss in 
watt /kg 

2.75 

9 

20 

0.06 

8.40 

2.8 

40 

0.58 

1/..00 

4.4 

60 

0.75 

17.00 

5.4 

50 

1.15 

19.50 

6.15 

100 

1.44 

25.50 

7.5 

150 

2.00 

26.50 

8.5 

200 

2.51 

28.50 

9.5 

250 

2.69 

50.00 

10.0 

500 

5.00 

52.00 

11.0 

550 

5.25 

55.00 

11.5 

400 

5.50 

55.50 

12 

450 

.5.65 

54.00 

12 

500 

5.88 
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CHAPTER III 


EXPERIMENTAL PROCEDURE 

The grain orientation study with Pe-Ni alloys was 
made with alloy composition, namely 48 Ni-Ee, The alloy 
preparation and characterisation involved the following 
steps: 

(1) Melting and homogenisation of alloys. 

(2) Hot rolling, 

(3) Cold rolling. 

(4) Annealing \mder a controlled atmosphere. 

(5) Specimen thinning for x-ray diffraction work, 

(6) Texture determination using x-ray diffraction 

technique. 

(7) Metallographic investigation. 

(8) Magnetic property study,. 

III.l Melting and Homogenisation of Alloys 

The melting furnace used was a 6 K.W, Ajax induvjticn 
melting unit fitted with a sealed end quartz tube melting 
chamber. The available furnace was capable of small melts 
100 gms each. Hence to get a reasonable size of melt the 
cast metal ('^100 gms) was remelted with more material to make 
a charge of about 200 gms^. Depending on the requirements 
100 gms or 200 gms ingots were used. 

The alloys of different Ni content were prepared by 
melting 99.9^ pure Ni globules and electrolytic Pe supplied 
by Semi Elements Inc. , New York. Weighed amount of Pe and 
Ni was melted in argon atmosphere using recrystallised alumina 
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crucibles. A graphite crucible with a graphite cover was 
used as the susceptor. Before melting, the furnace chamber 
was evacuated to a vacuum of about 50 microns, of ’ Hg and 
flushed with argon. This process was repeated twice to 
remove air-. The melting point of all the alloys - were near 
about 1450^0. So the temperature was raised uptu '1500- 
1550*^0 and was kept at that temperature for five-minutes 
for better mixing by induction stirring. . Since there was 
no provision for casting the alloys under controlled atmos- 
phere, the melt was allowed to solidify in the Crucible * 

The ingots were about 1" dia x 2-^” long and usually had 
small blow holes at the surface and some pipe formation. 

The latter was minimised by allowing the solidification to 
start at the lower eni-by lowering the whole quartz tube 
holding the melt through the induction coil. The surface 
blowholes were removed by turning operation and the top of an 
ingot was usually chopped off before further processing; 

The pure fe-Bi alloys,, however, cracked even when hot 
rolled at 1150°C, The same sample, when remelted with 0.5^ 

Mn and O.T^jjAl, could be rolled successfully. Thus, all the 

r . 

alloys were melted with Mn with or without Al. SinceiMn 
has high vapour pressure at melting temperature of the alloys, 
the ihgot produced, had lots of blow holes. By trial, a slow 
solidification procedure was developed. After the alloy was 
melted and homogenised, the induction furnace power was 
stepped down to its minimum i value (■^4 kw), and the furnace 
tube was lowered very slowly^ keeping the induction coil 
position fixed. In this procedure the top of the melt was 
kept in molten condition and very slow cooling of melt 



startr^d at the bottom. This procedure not only reduced 
the small blow holes but also reduced the pipe formation 
quite considerably. After removing the alloys from the 
induction furnace the ingots were annealed at 1150°G in an 
open furnace for 1 hour to homogenise them. Then the top 
part of the ingots were cut to remove the pipe and the 
surface blow holes were removed by machining. Melting losses 
in any melt was found to be within 0.2^ to 0.4^. The 
homogenised alloys were chemically analysed in one case to 
determine the change in composition. 

111. 2 Hot Rolling 

Hot rolling was done to reduce the thickness of the 
ingots and to break the cast structure. The temperature at 
which the specimen was heated prior to rolling varied between 
1120-1170° C. The ingots were first rolled in transverse 
direction to increase the width to 1 . 25 " and then rolled 
along its length. Since the ingots were small^care had to be 
taken to roll at sufficiently high temperature so that no 
cracking of specimen occured. Hot more than two passes 
were possible because the rolling temperat\xre was always kept 
above about 1050°C. Reduction per pass was 0.020” , The 
final hot rolled thickness was limited by the subsequent 
percentage of cold rolling desired. The final hot rolled 
thicknesses of different specimens are shown in Table IV. 

111.3 Cold Rolling 

The hot rolled samples were first cleaned on coarse 
emery papers to remove very thin oxide layer formed during 
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hot rolling and if any edge cracking was found it was 
removed by grinding. The cold rolling was carried out on the 
cleaned samples under two different conditions - (a) rolling 
at room temperature and (b) rolling at some elevated tem- 
perature. A guide for keeping the rolling direction same, 
was used in both the cases. No intermediate annealing was 
given to any specimen. 

In room temperature cold rolling, the specimen was 
reduced by 0.005" in each pass. The minimum thickness of 
the specimen that could be obtained by rolling a single 
sheet was 0.009 "for 48 Nickel-Iron alloys. The useful 
thickness for the present work was considered to be 0.006'’, 

In order to further reduce the thickness, pack rolling was 
tried. A pack of 5 strips, each 0.009" thick, were rolled 
together. This process of rolling was found to produce 
minimum thickness in the range of 0.004" - 0.005" for 
48 Ni-Pe alloys. The percent reduction for 48 Ni-Pe 
alloys, was varied from 90-98%. 

Cold rolling of specimens at some elevated tempera-' 
ture was tried for only 48 Ni-Pe alloys. Different temp- 
eratures ranging from 100°C to 400°C were used. The speci- 
mens were kept in a furnace at a temperature of 100°C (max. ) 
higher than the actual temperature of rolling. The specimen 
temperature, just before putting it between the rolls, was 
measured with a thermocouple to ensure that the rolling 
started at the same temperature. A chromel-Alumel couple 



was used for this purpose. Since the specimen temperature 
in one pass came down quite considerably only one pass 
was possible each time. Reduction in thickness per pass 
was kept constant at 0.005" . 

III. 4 Annealing of Alloys Under a Controlled Atmosphere 

The cold rolled strip material was cut int*o pieces 
of 1,75” long X 1.25" wide so that after annealing pieces 
of 1.25" long X 1.25” wide specimens could be obtained for 
x-ray study and the rest could be used for magnetic study 
and metallography. The fabricated controlled atmosphere 
annealing furnace was used for this purpose- Since the 
hydrogen gas purification mixer train was not ready all the 
annealing work were done in flowing purified argon gas. 
Annealing temperature was varied between 900°C to 1150^0. 

The furnace temperature was first raised to the desired value 
and the temperature was stabilised. The specimens were 
loaded on the specimen tray of the furnace and kept in the 
cooler part of the furnace. Then the furnace tube was 
evacuated to approximately 40 microns of Hg and flushed with 
purified argon. The process was repeated twice and finally 
argon gas was allowed to flow through the tube. Initially 
the gas flow rate was kept around 20 bubbles/minute for 
2 minutes and then it was reduced to about 5 bubbles/minute. 
The bubble rate was measured by a bubbler, connected to the 
outlet through the special valve. The specimen was then 
pushed into the hot zone and the annealing was carried out 
in argon atmosphere for the desired length of time. When 
the annealing was over, the specimen tray with specimen was 



pulled into the cold zone of the furnace and after about 
10 minutes, the furnace chamber was opened to remove the 
annealed specimen. The annealed specimen was found very 
bright indicating that no oxidation of the specimens took 
place and that the gas used was sufficiently pure. 

The time of annealing was varied in the range of 
2 hrs to 16 hrs at a specific temperature. Initially there 
was indefinite water supply and the water tank was not 
available. Hence it was not possible to anneal the specimen 
continuously for 16 hrs. The long annealing of the speci- 
mens could be done in four steps - each*' annealing step was 
of about 4 hrs duration per day. 

III. 5 Specimen Thinning for X— ray Diffraction Work 

For accurate determination of texture by trans- 
mission method thin specimens^ with pt value (where p = 
linear absorption coefficient and t is thickness of the 
sample) approximately around unity^^, are required. For 
Fe-Ni alloys pf^l corresponded to specimen thickness of 
about 0 .002 - 0.003". Preparation of specimens of 0,002" 
thickness, uniform over a whole area of 1^^' x 1^" is difficult 
and hence considerable experimentation had to be done. 

Careful mechanical polishing was tried first, but 
the main drawback of this procedure was that it was too time 
consuming, laborious and to maintain an uniform thickness 
was not possible. In this procedure the specimen thickness 
in the same specimen varied from 0.002” -0.004". For uniform 
thickness and quicker thinning chemical etching method was 
considered more suitable. 



HNO^-water mixture (It 5) was tried at room tempera- 
ture as well as at about 50°C. Both turned out to be useless 

as no reaction occurred. A mixture of MO,, H,P0., and 

j 0 4 

45 

acetic anhydride in l:5i4 ratio was tried in the tempera- 
ture range of 40°-60°C A very slow rate of reaction was 
observed and after keeping it for 25-30 mts. the reaction 
usually stopped. The specimen obtained had a very good 
shiny surface but the thinning was practically negligible. 
Next 'chemical reagent tried, was a mixture of MO^, H2S0^, 
H^PO^ and CH^COOH in the ratio of 3il;l:5^^. At room tem- 
perature, the rate of reaction was negligible but when temp, 
was raised to 80°-85'^C, the rate of reaction was very fast. 
If, however, the reaction was allowed to occur for more than 
five minutes, pits started to fom and thinning became non- 
uniform. If -the specimen had any surface defect^ non-\miform 
thinning became more prominent. Hence, the procedure adopted 
was to mechanically polish specimens on 80 grit and 120 grit 
emery cloth followed by polishing with I/O metallographic 
emery paper. The polished sheet specimen was then etched in 
the solution for five minutes. This procedure of alternate 
mechanical polish followed by chemical thinning was able 
to produce 0.004" thick specimens. Further chemical 
thinning was not usually possible as it invariably produced 
pin holes in the sheets. Thinning down f'urther to 0.002" 
to 0.003” had to done by mechanical polishing. The 
specimen thickness in these cases varied between 0.002" to 
0.0025". The process was rather laborious and often produced 
holes or wrinkles in the specimens, if sufficient care .t^as 



not taken. Tliis method, however, was used till an alter- 
native thinning solution could he found. 

The best thinning reagent found was a mixture of 
cone. HNO^ and 5/^ HF in 8:1 ratio^"^. When an annealed 
sample- was kept in the solution at room temperature within 
ten to fifteen minutes the sample was thinned down to 0.002” 
to 0,0025”. The surface of the sample was very shiny, 
there was no pit formation and the thickness was very 
uniform. Most of the specimen thinning was done using this 
solution. 

For easy comparison the chemical composition, working 
temperature and performance of each of the solutions are 
listed in Table V. 

III. 6 Texture Determination Using X-Eay Diffraction 
Technique 

Texture determination involved: 

(1) Determination of 

(2) Determination of pt of each specimen. 

(3) Determination of intensity correction factor. 

(4) Measurement of intensity and plotting the pole 

figures. 

111.6.1 Determination of 

Texture determination using a texture goniometer 
required fixing the radiation counter at the correct Bragg 
angle, needed foi* calculation of correction 

factor. Hence, for a given alloy, the Bragg angle of 
reflection determined. will have 

different values depending upon the choice of (hkl) plane 
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to be used for texture determination. Por f.c.c. metals 
and alloys, usually the (111) and (200) reflections are 
used. Since the sheet materials have some preferred grain 
orientation, ^(^^2.) cannot be determined with rolled sheets. 
A random powder specimen has to be used for this purpose. 

In the present case powder from the annealed alloys was 
prepared by filing with a Jeweller's file and the powder 
was then annealed in an evacuated quartz capsule at 900^0 
for 15 minutes. The powder was used to prepare samples 
either for Debye-Scherrer pattern or for diffractometry to 
determine (Hi) anl (200) reflections. Since for 

texture work Mo-radiation was chosen was determined 

for the same radiation. 


III. 6.2 Determination of pt 

The value of pt for each specimen is required for 
the evaluation of the intensity correction factor R (See 
Section III. 6. 3). pt of the specimen was determined by 
using a strong diffracted beam from a parmaquartz (a fine 
grain polycrystalline quartz) specimen (20 = 12.15*^) and 
measuring the intensity of the diffracted beam with and with 
out the specimen in the path of the diffracted x-ray beam. 
Then using the general absorption equation, 

-pt 


^o ® 


... (4) 


.where I and I. are the intensities of incident and trans- 
mitted x-rays, respectively, the pt for each specimen was 


determined. 



III. 6. 3 Determination of correction factor 


In the transmission technique of texture determina- 
tion, as the specimen is rotated the path length as well as 
the diffracting volume vary. Therefore, the measured 
intensity requires correction so that the intensities for 
the different orientations of the specimen can be compared 
with each other. Theoretical calculations of the correction 
factor has been made by Deeker, Barker and which is 

given as 

cm 

where E = I /l^ = t t i- exp £ - Ft . cos .. 9 j ^ 

o' +a cos Q 

[cos (0 + a)/cos(© + a) _ 1 ] 

ooJre±tT - 

+a is for anticlock wise rotation of specimen from 

from zero position. 

-a is for clockwise rotation of specimen from zero 

position. 

I = Corrected intensity 

c 

I^ = Measured intensity 

0 = Bragg angle for (hkl) plane used for texture work 

a = angle of rotation of specimen around the diffra- 

ctometer axis 

Since the thickness varied from specimen to specimen as well 
as the composition varied, the values of R had to be deter- 
minei. for different values of pt and 9 . Using equation ( 5 ) 
the values of R were calculated (shown in Appendix, Table 
II) with the help of IBM 7044 digital computer for different 



lit, a and 9. 


I II. 6. 4 Measurement of intensity and plotting of pole 
figures 

Por a given I'e-Ni sample, the counter was fixed at 

the correct 2© (111) or 2© (200) to receive the diffracted 

beam corresponding to (111) or (200) reflection and the 

specimen in the goniomreter was positioned initially with 

the rolling direction vertical i.e., coincident with the 

diffractometer axis, and with the plane of the specimen 

bisecting the angle between the incident (S^) and 
(S) 

diffracted^ beams (Figure 33) • This corresponded to 

j 

a = 0° and 0 = 0°, (yiotation of specimen around the sheet 
normal is the rotation angle 0). The diffractometer condi- 
tions used for measurement of intensity of diffracted beam 
is given in Table 71. . 

For integration over the whole specimen, the 
specimen was oscillated with a 1 r.p.m. motor. In 100 
seconds counting time 6 to 7 oscillations of the specimen 
could be given. Since the intensity data collection had 
to be done manually^ only a quarter of a pole figure was 
determined in each case. To explore a quarter of a pole 
figure specimens were surveyed usually at 5° intervals of 
-a upto 50° (for fixed 0) and at 5° intervals of + 0 upto 
90° (for fixed -a). In the regions of high intensity or 
drastic changes of intensity over smaller angular region, 
intensity data at smaller angular intervals were taken. 

The data collected in terms of counts/sec were corrected 
making use of the respective pt, a* and © and the correction 
table of Appendix (Table II). The corrected intensity data 



80 


were used to draw the pole figures on a polar stereographic 
net drawn at 2° intervals. 

To plot the intensity data in a polar net it is 
evident that when a = 0 = 0*^ the pole position concides 
with the left cross direction for the initial setting. A 
rotation of the specimen by + 0 degrees in its own plane 
then moves the pole of the reflecting plane 0 degrees around 
the circumference of the pole figure and a rotation of -a 
about the diffractometer axis moves it -a degrees from 
the circumference along a radius (Ilgure 34). In this way 
all the corrected intensity data were plotted at the 
proper pole locations on the pole figures. Contour lines 
passing through equiin tensity points were then drawn to 
indicate pole densities. The pole figures were interpreted 
with the help of available standard projections for cubic 
crystals. 

III. 7 Met alio graphic Investigation 

Metallography of the annealed specimens was done 
to reveal the grain structure of the specimen. Specimens 
were first mounted on Incite followed by polishing on emery 
papers (1/0 through 4/0) and then polishing on cloth using 
alumina powder as abrasive. The well polished, scratch free, 
specimens were then treated with chemical and electrochemical 
etching solution (as listed below to develop the micro- 
structure . The different etching solution tried were 

(1) 60 ml ethanol, 15 ml hydrochloric acid, 5 

. 47 

anhydrous ferric chloride . 
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FIGURE CAPTIONS 

FIG. 33- Diffractometer geometry for transmission 
technique. 

FIG. 34. Use of a polar net to plot the diffracted 

heam intensity measured in the transimission 
technique of texture determination. 




Diffractometer geometry for transmission 
technique. The positions of rolling direction 
(R D) Transverse or cross direction(T.D. or C 
and normal direction (N D) correspond to 
^ - 0 and 4) = 0 




Angular relationships in the tranmission pole 
figure method on the stereographic projection 
(On the projection the position of the reflecting 
plane normal is shown for <p = 30^ and d = - 


Fig. 34 


27 ^Nital 

5 gns anhydrous ferric chloride, 40 ml ethyl a.lcohol, 
60 ml water 

5 gms anhydrous ferric chloride, 2 ml cone, 
hydrochloric acid, 99 ml ethyl alcohol. 

10 ml cone, hydrochloric acid, 2 ml. cone, nitric 
acid 

20 gms copper sulfate, 10 ml cone, hydrochloric 
ac id , 10 0 ml wat er 

5 gms. chromic acid, 20 ml cone, nitric acid,- 3 gms 
ammonium chloride, 40 ml. water. 

10 ^oxalic acid solution used electrolytically^^ 
with stainless steel cathode. 

33%sulphuric acid, 33^ glycerine, 34^^ water used 
electrolyticall with Pt cathode at .35°C to 60°C^®. 

III. 8 Magnetic Measurements 

Magnetic measurements are required to know the total 
power loss' the textured material and to trace the shape 
of the hysterlsis loop. An Epstein test frame was fabricated 
for this purpose. For loss measurements using the test 
frame about 200 gms of material is required. Hence, for each 
heat treatment it was not possible to test the magnetic 
losses. So it was decided that only after developing a 
reasonably good textured material, one whole melt may be used 
for this test. Since a Princeton Applied Hesearch vibrating 
sample magnetometer (Model. 155) was available (it uses very 
small specimen about 0.02 to 0.03 gm) the annealed alloys 
sheet specimens were tested with it to determine their 


(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

( 8 ) 

(9) 



magnetic characteristics. 

If a material is placed in a uniform magnetic 
field, a dipole moment proportional to the product of the 
sample succeptibility times the applied field is induced 
in the sample. If the sample is made to undergo sinasttldal 
motion as well, an electrical signal can be induced in 
suitably located stationary pick up coils. This AC signal 
at the vibration frequency is proportional to the magnitude 
of the moment induced in the sample. However, it is also 
proportional to the vibration amplitude and frequency of 
vibration. This being the case, moment readings taken 
simply by measuring the amplitude of the signal are subject 
to errors resulting from variations in the amplitude and 
frequency of vibration. To overcome this problem, a model 
155 magnetometer incorporates a nulling technique to obtain 
moment readings which are free of these sources of error. 

By this technique, the effects of vibration am.plitude and 
frequency shifts are cancelled and readings are obtained 
which vary only with moments, the quantity of interest. 

The corresponding field strength can be measured by a Gauss- 
meter. This is the working principle of the vibrating sample 
magnetometer. 

The specimen holder of the magnetometer is very 
small and maximum size of the sample is restricted to a sheet 

size of ^*'x If the grainsize of the test material 

16 8 

is large, than the magnefic property may vary from sample 
to sample for the sam© material because the sampl® have 

few grains and their orientation may be different in differsnt 
samples. 
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The placement of specimens in the magnetometer is 
rather important since the sheets are to he magnetised along 
the rolling direction the small sheet specimens are to • 
be cut along the rolling direction. For this reason the 
specimens were cut slightly long in length compared to its 
width so that there was no error in their placement in the 
sample holder. The specimens were .'’O' placed in the specimen 
holder such that the rolling direction vras in the direction 
of the applied field direction. After turning the magnet 
power supply^ the field strength was slowly increased (till 
it reached to lOK Oe. field) and its value wa.Se noted through 
a sensitive gaussmeter. The corresponding magnetization in 
emu was read from the direct digital display of the magne- 
tometer. The values of M vs H was plotted in graph 
paper to get the idea of the magnetic characteristics of 
the sample. To know approximately the coercive force of the 
sample, the magnetic field was decreased slowly from 
saturation value (■^lOZ Oe) to zero and the corresponding 
magnetization was noted. It was plotted on a graph paper 
and the demagnetization curve was extrapolated to M = 0, to 
get the coercive force. 
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TABLE Y 

Chemical Thinning Solutions for Ee-Ni Alloys 


3. 


No. 

Chemical composition 

Working Temp, 
and time 

Performance 

solution 

of the 

1. 

HNO, - 25 ml 

3 

E^O - 75 ml 

Room temp. 

No reaction 
be detected. 

could 


2. 

HNO^ - 10 ml 

o 

o 

o 

o 

-p 

o 

o 

Reaction rate was 


H^PO^ - 50 ml 
(CHjC 0)20 - 40 ml 

25 to 30 mts 

very slow. Gave 
very good shinny 
surface. May be 
used for chemical 




polishing for 
me t alio gr aphy . 


HNO^ - 


30 ml 


80° - 85°C 


Reaction rate was 


H 2 S 0 ^ - 10 ml 
H^PO^ - 10 ml 


. . r- • 4 - very fast. Disso- 

4 to 5 minutes 


at a time 


CH^COOH 


50 ml 


very uniform and 
produced etch pits. 
The rate of reaction 
could be controlled 
to some extent by 
controlling bath 
t emperatur e . The 
chemical etching 
along with mechani- 
cal polishing gave 
reasonable thinning. 


4. 


HEOj(conc) 
HP (5 ) - 


- 80 ml 
10 ml 


Room temp. 
10-15 minutes 


Reaction rate is 
not very fast. 
Surface was shinny. 
Thinning was uni- 
form down to 
0.002’* thickness 
of specimen. No 
pit formation. The 
best of all the 
chemical thinning 
reagent. 
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TABLE VI 


Diffract ometer Conditions 


used for Texture 


Deterinination 


Radiation 

Counter 

Voltage 

Ampere 

Slit system at the 
s ouc e 

Slit system at the 
counter 

Scaler counting time 


- Moh 

a 

— Scintillation Counter 

45 hV 

15 mA 

3° MR Sollar slit 

MR sollar slit with 0.2° 
receiving slit 

100 sec. 
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CHAPTER IV 
RESULTS 
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CHAPTER IV 
RESULTS 

Ri-Pe alloys of compositions 48 p.c.t. Nickel were 
prepared by controlled atmosphere induction melting and then i 
processed through hot rolling and cold rolling followed ^ 

by annealing in a controlled atmosphere. Details of 
forming treatment have been presented in an earlier 
chapter. The experimental results obtained through x— ray 
diffraction and magnetio measurements have been described 
in the following sections. 

IV. 1 X-Ray Study 

IV. 1.1 Bragg Angle Determination 

The necessity Of Bragg angle determination has been 
discussed earlier. Since the texture study needed reasonable 
amount of material and our melt size was small, several 
alloys of same nominal contposition had to be melted. So 
x-ray diffraction technique needed determination of Bragg 
angles for each alloy. Annealed fillings from the bulk alloy 
was used as random specimen and the Bragg angle (6) for 
the two prominent reflections, (111) and (200), were 
determined for each alloy. The results are presented in 
Table VII. As seen from the data, the variation in © is 
not large. Hence, for the same nominal composition, the 
true alloy compositions are expected to be quite close to 
each other. 



IV. 1.2 Texture Determination 


Texture was determined by using a transmission 
texture goniometer . Since texture determination was 
done by measuring the diffracted beam intensity for 
each angular setting of the texture goniometer (done 
manually), only one quarter of the pole figure was deter- 
mined. Usually the cold rolled texture for each specimen 
was determined for variation in cold reduction and rolling 
temperature. Cold rolled texture of some of the specimen 
are shown in Figs. 35 to 42. Since there was practically 
no change in texture if the difference in the pejfcent 
reduction was small, some of the cold rolled pole figures 
are not shown here. For comparison, the (111) and (200) 

pole figures of cold rolled Gu, obtained by Good,man and 
50 

Hu are shown in Fig. 12 and Fig. 13. 

Cold rolled Ni-Fe alloys were annealed at various 

I' 

temperatures and for various lengths of time to determine 
the most suitable temperature to produce the desired 
texture, the texture data obtained has been presented here 
in two ways - (1) in the pole figures showing the actual 
distribution of intensity of (111) reflection and (2) in 
tabular form summarising the peah intensities obtained at 
different locations of the pole figures. The pole figures, 
are presented in Fig. 43 to 73 and the intensity data is 
tabulated in Table VIII. Since in all the pole figures, 
the back-ground intensities were rather low, only about 
100 cps (out of which counter noise was about 30-40 cps) 
the intensity of peaks are presented relative to the 
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lowest background observed (*^100 cps). Blank areas in 

the pole figure represent relative intensities less than 

4 , usually between 1 and 3. All the annealed textures 

showed essentially the same locations of peak intensities 

(see pole figures in Pigs. 43 to 73)* ^he peak intensity 

positions have been identified as poles 1 through 8. In 

tabulating the intensity data the relative peak intensities 

corresponding to these pole locations have been used. 

Por each alloy the process variables are mentioned in 

the table and for ease of identification of pole figures, 

the figure numbers are also mentioned. Here also for 

a few cases the pole densities (the relative intensities 

of the (ill) reflection at the appropriate pole locations) 

were rather low and for these cases the pole figures 

have not been determined in detail and hence not shown, 

aj' 

The relative intensity^peak positions corresponding to 
the poles 1 through 8 were, however, determined. Since 
only one quarter of pole figure was detenu in ed, for 
proper texture identification it was necessary to determine 
the (200) pole figure for one specimen besides its (111) 
pole figure. The (200) pole figure for specimen 6(b), 
annealed at 1058°C for 4 hrs has been shown in Pig. 72. 

A composite pole figure showing the (111) and (200) peak 

% 

pole locations for this specimen is shown In Pig. 74. 

IV, 2 Magnetic Measurements 

Since the melt size was small and magnetic loss 
measurement required large amount of specimen and the fact 
that the Bpstein test frame could not be calibrated within 
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the limited time, power loss measirrement was not possible. 

4Kc' 

Using/ available Priceton Applied Research Model 155 
magnetometer, some magnetic tests were performed with 
small pieces of annealed sheet specimens. All the specimenSj 
however^ could not be tested because of the breakdown of 
the magnet. The results obtained through the magnetometer 
are shown in Fig. 74 to 75jas plots of M vs. H in the first 
quadrant. In one case, the coerceive field H was deter- 

w 

mined by extrapolation of the demagnetisation curve obtained 
in the first quadrant. 
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FIGURE CAPTIOUS 


FIG. 35. (Ill) pole figure of sample 1(a) ,90/^^^ cold 
rolled at room temperature. 

FIG. 36. (Ill) pole figure of same 2, 94^^^0011 rolled 
at room temperature. 


FIG. 


37. (Ill) pole figure of sample 2(a), 96/ cold rolled 

, /o 

at room temperature. 


FIG. 38. (Ill) pole figure of sample 3, 97^cold rolled 
at room temperature. 

FIG. 39. (Ill) pole figure of sample 4(b), 96^ cold 
rolled at 200°C. 

PIG. 40. (Ill) pole figure of sample 4(c), 96^cold 
rolled at 400°C. 

PIG. 41. (Ill) pole figure of sample 5(b), 96^cold 
rolled at 150°C. 

FIG. 42. (Ill) pole figure of sample 5(c), 96y^ cold 
rolled at 250°C. 
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FIGURE ‘ CAPTIONS 

PIG. 43. (Ill), pole figure of .sample 1 annealed at 
1058°C for 4 hrs. 

FIG. 44. (Ill) pole figure of sample 1(a) annealed at 
1058°C for 4 hrs. 

FIG. 45. (ill) pole figure of sample 1(a) annealed at 
1058°C for 7 t hrs. 

FIG. 46. (Ill) pole figure of sample 2 annealed at 
1058°C for 1 hrs. 

FIG. 47. (Ill) pole figure of sample. 2 annealed at 
1058°C for 2 hrs. 

PIG. 48. (Ill) pole figure of sample 2 annealed at 
1058^0 for 4 hrs. 

FIG. 49. (Ill) pole figure of sample 2 annealed at 
1100°C for 4 hrs. 

PIG. 50. (ill) pole figure of sample 2(a) annealed at 
1058°C for 4 hrs. 
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FIGURE CAPTIOUS 

PIG* 51. (ill) pole figure of sample 2(a) annealed at 
1058°C for 8 hrs. 

PIG- 52, (111) pole figure of sample 2(a) annealed at 

1058°C for 16 hrs. 

PIG. 53. (Ill) pole figure of sample 2(a) annealed at 
1120*^0 for 4 hrs. 

PIG. 54-. (Ill) pole figure of sample 2(a) annealed at 
1120°G for 6 hrs. 

PIG. 55. (Ill) pole figure of sample 2(a) annealed at 
1120°C for 8 hrs. 

PIG. 56. (Ill) pole figures of sample 2(a) annealed at 
1120°C for 10 hrs. 

PIG. 57. (Ill) pole figure of sample 5 annealed at 
1058°C for 2 hrs. 

PIG. 58. (Ill) pole figure of sample 3 annealed at 
1058°G for 4 hrs. 
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PiaURE CAPTIOHS 

PIG-. 59. (Ill) pole figure of sample 3(a) annealed at 
1058°C for 4 hrs, 

PIG, 60. (Ill) pole figure of sample 3(a) anneal.ed at 
1058°C for 8 hrs. 

PIG. 61. (Ill) pole figure of sample 3(a) annealed at 
1058°C for 16 hrs. 

PIG. 62, (111) pole figure of sample 3(a) annealed at 

1120°C for 4 hrs, 

PIG, 63. (Ill) pole figure of sample 3(a) annealed at 
1120°C for 6 hrs. 

PIG. 64. (Ill) pole figure of sample 3(a) annealed at 
1120°C for 8 hre. 

PIG. 65. (Ill) pole figure of sample 3(a) annealed at 
1120°C for 10 hrs. 

PIG. 66. (Ill) pole figure of sample 4(h) annealed at 

1058°G for 4 hrs. 
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FIGURE CAPTIOUS 

FIG. 67 . (ill) pole figure of sample 4(c) annealed af 
10!38'^C for 4 lirs, 

FIG. 68. (ill) pole figure of sample 5(a) annealed af 
1058°C for 4 hrs., 

PIG. 69 . (Ill) pole figure of sample 5(b) annealed at 
1058°C for 4 hrs. 

FIG. 70 . (Ill) pole figure of sample 5(c) annealed at 
1058°C for 4 hrs. 

PIG. 71 . (Ill) pole figure of sample 6(b) annealed at 
1058°C for 4 hrs. 

FIG. 72 . ( 200 ) pole figure of sampl^ 6(b) annealed at 

1058°C for 4 hrs. 

PIG. 73 . Stereogram showing peak intensity locations of 
(IH) and (200) poles for sample 6(b). 
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Pole Texture 
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texture of 8 
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Twin orientations for 
cube orient,ed''' grain? 
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(122) [210; 
(122) T22; 
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FIGURE CAPTIOUS 

FIG. 74. Magnetisation vs field strength curves for 
sample 2 after various processing stages. 

FIG. 75- Magnetisation vs. field strength curves for 
48 permalloy specimens annealed at 1058^0 
for 4 hrs. 
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TABLE VII 

Bragg angle of reflection in terms of 

) for different samples 


Sample Bragg angle of reflection (20, ,, ) for different 
No. plan e of pr ojection ■ 

2 ^( 200 ) 

1 and 3 19.55 22.6 

2 and 5 19.6 22.62 


4 and 6 


19.58 


22.61 
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CHAPTER Y 
DISCUSSION 


In the present' study an attempt has been made to 
develop cube texture in 48 permalloy. Prom the previous 
discuosions it is clear that the development of cube 
texture in permalloys req.uires very high cold deformation 
followed by a high temperature annealing. The tempera- 
ture and time of annealing depends upon the specific 
composition of the alloy. The process variables for 
developing cube texture are the percent cold reduction, 
time and temperature of annealing and the composition of 
the alloy. 

The developed texture is usually studied through 
x-ray diffraction techniq.ue employing a suitable goniometer 
or using Laue diffraction techniq.ue. The choice between 
the two techniques depends on the grain size of the spe- 
cimen to be studied. If the grain size is sufficiently 
large ( ^1 mm. dia) , the orientation of each individual 
grain can be determined throtigh the use of laue technique. 
On the other hand, if the grain size is small, the overall 
texture of the sample can be determined using a textxire 
goniometer. In order to choose between the two available 
techniques, an estimate of grain size of annealed sheet 
specimens was tried through standard metallographic 
technique. High Ni alloys are difficult to etch. Hence, 
for Pe— Ni sheets, several etching solutions, both chemical 
etching and electrochemical etching solutions, were tried. 
Eventhough in some available literature * etching of 
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grain boundaries, in Fe-Ui base alloys has been claimed, 
the present specimens could not be etched with any of 
the suggested etching solutions, Ihe solutions were 
found to produce only etchpits (lig, 76). Since the meta- 
llographic techniQ^ue failed to reveal the grain structure, 
diffraction techniQ[ue was employed to determine 
whether Laue technique was suitable for the texture 
study. Back reflection Laue pattern was taken using one 
of the annealed sheet specimen and a 1 mm. dia x— ray 
beam collimator. The diffraction pattern did not produce 
the usual Laue spot pattern but showed some spotty lines 
indicating that the specimens were of reasonably small 
grain size and were not suitable for texture study through 
Laue technique. Hence, the texture study of all specimens 
was done with the available transmission type texture 
goniometer. The limitation of this type of goniometer is 
that the maximum angle of rotation of specimen around 
the diffractometer axis (a) is 45° to 50°, Because of 
this it was not possible to determine a complete pole 
figure; the central part of a pole figure could not be 
studied. 

The cube texture (100) [OOl] , being developed 
in Ni-Fe alloys, is an annealing texture. Hence, as such 

..I.' ‘ 

the study of deformation texture, obtained by cold rolling 
may not be considered so important, FOG metals, when 
cole’ rolled, however, does not produce only one type of 
texture. Basically, tiio different textures are produced 
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^ (146) [2 1 1] (see Mg.' 12 and 

Pig. 13) and (2) brass type "bexture^ which -is esssntially 
(no) [1 1 2]. In ihe developmeni oi cube texture in 
f. c. c- metals and alloys, it has been found that cube 
texture and its perfection depend on whether cold rolling 
pr',* duces in the material a sharp copper type texture. 

Brass type texture is knowninot to favour cube texture 
formation. Hence, it was considered necessary to study 
the cold rolled texture of a few Hi-Pe alloys to determine 
whether or not the cold rolled texture was close to 
copper type texture. Because of the limitat'’on of avail- 
able goniometer, it was not possible to study the comple- 
te cold rolled texture. The partial pole figures deter- 
mined were compared with the features of well developed 
copper type texture (Pig. 12 and Pig. 13) to find quali- 
tatively the nature of cold rolled texture produddd. 

V.l Study of Cold Rolled Texture 

The (111) cold rolled" pole figures for copper 
(Pig. 12) indicate essentially peak intensities at three 
locations in the pole figure - pole i. at 0 = 0 %nd-a 5^ 

to 10*^, pole B at 0 = YO^ 'ahd a = 0°, and pole C at 
0 = 90^ and - a ^70° . tJsin^ the present goniometer study 
around the location of pole C could not be done. However, 
it was possible to see the peculiar intensity variations 
around pole G. The (111) cold rolled pole figures for a 
few Pe-Ni alloys are shown in Pigs. 35 to 42. 
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48 permalloy was given different cold deformation 
varying between 90% to 98%reduction in tMckness to 
determine th.e minimum amount of deformation needed to 
produce shay^ copper type texture. For 90% cold reduction 
(Fig. 35) it is clear that the peaks corresponding to 
A and B are present but there is no indication of a sharp 
increase in intensity near-a = 50 ° , 0 = 70° as will be 
expected if a sharp cube texture developed. (It should 
be noted here that the intensity of pole G is much higher 
than the poles A and B (Pig. 12)). 3?hus it appears that 
90 5(0 cold reduction produced Cu-type texture but it may not 
be quite sharp. In the pole figure (Fig. 35) it is also 
found that besides the peaks corresponding to A and B 
there are a few other peaks present of which pole D at 
= 50 °, -a = 35-40° is rather prominent. Pole B and F 
at 0 = 90 °, --a = 30 to 35° and 0 = 2p to ^° and-a = 20° 
to 35° respectively are somewhat low intensity peaks. No 
attempt was made in this study to identify the cold rolled 
textures produced. '-Chus, unlike copper, 48 permalloy 
appears to have some other secondary textures besides the 
copper type texture. Gold rolled textures of Ni-Fe alloys 
are usually not published in literature and hence it is 
not possible to compare the present textures with those 
produced hy others. Very ea,rly texture study of 95^cold 

51 

reduced 36 Ni-Fe permalloy by Sachs et al (possibly used 
the less accurate photographic method) indicate the 
presence of an imperfect copper type texture (details of 
cold rolling is not avavLabla) but does not show secondary 
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48 permalloy was given different cold deformation 
varying between 90% to 98%reduction in thickness to 
determine the minimum amount of deformation needed to 
produce shajr:p copper type texture. Por 90% cold reduction 
(Fig. 35) it is clear that the peaks corresponding to 
A and B are present but there is no indication of a sharp 
increase in intensity near-a = 50° , 0 = 70° as will be 
expected if a sharp cube texture developed. (It should 
be noted here that the intensity of pole G is much higher 
than the poles A and B (Pig. 12)). 3?hus it appears that 
90 54 cold reduction produced Cu-type texture but it may not 
be quite sharp. In the pole figure (Pig. 35) it is also 
found that besides the peaks corresponding to A and B 
there are a few other peaks present of which pole B at 
^ - 30'^, -a = 35-40° is rather prominent. Pole B and P 
at 0 = 90°, -a = 30 to 35° and 0 = 40 to ^° and-a = 10° 
to 35° respectively are somewhat low intensity peaks. Bo 
attempt was made in this study to identify the cold rolled 
textures produced. Ihus, xinlike copper, 48 permalloy 
appears to have some other secondary textures besides the 
copper type texture. Cold rolled textures of Bi-Pe alloys 
are usually not published in literature and hence it is 
not possible to compare the present textures with those 
produced by others. Very early texture study of 95%cold 
reduced 36 Bi-Pe permalloy by Sachs et al-^ (possibly used 
the less accurate photographic method) indicate the 
presence of an imperfect copper type texture (details of 
cold rolling is not avai,labla) but does not show secondary 





peaks corresponding to D, E and E poles. 

When the percent reduction in thickness was 
increased to 94^o, the cold rolled texture (Fig. 36) was 
essentially the same as the specimen with 90 ^reduction 
in thickness except for a minor shift of pole locations. 
Comparison of Fig. 35 and Fig. 36 reveals that not much 
improvement in texture was obtained when percent reduction 
in thickness increased from 90^to 94^. At and above 
96/0 cold reduction, however, the pole figures (Fig. 37 
and Fig. 38) indicate peak intensities corresponding 
to pole A and B .as well as an increasing trend in 
intensity as a increased from 45° to 50° at 0 70°. It 

is, however, noticable that the secondary peaks D, E, F 
also become rather prominent with increase in percent 
reduction in thickness. Thus it appears that in order 
to produce sharp copper type texture in 48 permalloy at 
least about 96 ^j^cold reduction is necessary. 

V.2 Study of Annealed Texture of 48 Permalloy with 
Small Amoimt of Mn 

Success of development of sharp and perfect cube 
texture depends on process variables. In the first phase 
of present study, the process variables tried were percent 
cold reduction, temperature and time of annealing. Hence, 
at first, variation in these parameters in producing 
cube texture in 48 permalloy was investigated. The cube 
texture pole figures for copper are shown in Fig. 77 and 
Fig. 78. The (111) pole locations indicate ideal (111) 
pole location at (i( - 45 °,-« = 35° corresponding to the 



FIGURE CAPTIONS 


FIG. 76. Microstructure of 48 permalloy sample after 
annealing. 

FIG. 77. (Ill) pole figures for annealed copper with, 
cube texture. 

FIG. 78. (200) pole figure for annealed copper with 


cube texture. 
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(100)[00l] "texture and "bliree more low iii"teiisi1;y peaks 
which are due to twin orientations and can he described 
in terms of a texture \l22^(212.} . The pole figures 
corresponding to the annealed 48 permalloy sheets are 
shown in Pig.' 42 to Pig, 71. It is clear from the pole 
figures that in all .the cases cube texture was produced, 
a"t the same time several strong secondary textures were 
present# Since the peak positions in all the pole. figures 
were practically the same, the peak positions were 
identified as poles 1 through 8. 

V.2.1 Identification of Peak Positions in Pole Pigures 

An attempt was made to identify the textiures. Since 
only one' quarter of a pole figure was partially determined 
unambiguous identification of texture was not possible 
throiigh the ( 111 ) pole figure alone# Hence for one 
specimen both (111) and (200) pole figures were determined. 
Por this case the ( 111 ) and ( 200 ) pole locations are shown 
in Pig. 71 and Pig. 72 and both the ( 111 ) and ( 200 ) pole 
locations are indicated in a stere^-ogram in Pig. 73* Por 
identification of the poles the invariance of the planes of 
projection and rolling directions and the angles between 
^looj and lllll planes were made use of. Using the 
standard (001) projection for oubic crystals several standard 
projections were generated and by matching them with the 
(100) and (111) pole figures the textures could be iden- 
tified as shown in Pig. 73* I't is clear from the figure 
Itself that like the twins for cube orientation, twin 



orientatiions corresponding to the secondary textures are 
also present because of which so many peaks (1 through 8) 
appear in the pole figures determined, Stefan et al^"^ 
also found several secondary orientations in their study 
of 50 permalloy. The secondary textures found .by these 
authors are, however, different from those found in the 
present investigation. 

From the pole figures determined, evaluation of 
the effect of process variables on the perfection ‘".f 
cube texture cannot be done by taking one set of poles 
only but we have to consider all the poles together. The 
comparison will he based on the relative intensities at • 
the peak positions because the spread' in intensities around 
the peak positions were quite s imilar. in -practically all 
the cases. For convenience of discussing the effect of 
each parameter, the intensity data of Table VIII have been 
rearranged in several tables.. Tables IX to XII, to clearly 
show the effect of one parameter while the others were 
essentially kept constant. 

V.2.2 Effect of Percent Reduction on the Annealed Texture 

The relative intensities of cold rolled alloys 
(90^to 98 ^reduction in thickness) annealed at 1058 C for 
4 hrSj^shown in Table IX. As .indicated earlier, the pole 6 
corresponds to the ideal cube orientation. Hence an 
increase in the intensity of (111) reflection at pole 6 
location will indicate that iga^rlarger, fraction of ciysta— 
Hites are with cube orientaitlon. A perfection of texture. 



140 


however, will be indicated also by a simltaneous consi- 
derable decrease in intensity of all other secondary 
textures. Since the relative intensity data of Table IX 
does not indicate such a behaviour, identification of 
best percent cold reduction was done somewhat differently. 
The texture corresponding to pole 4 has been described as 
^ 123 } <111> type. Since the idea of developing cube 
texture in the material was to have an easy direction of 
magnetisation (in this case<[^00lj> ) of all grains to align 
themselves parallel to the rolling direction, the grains 

with <^111 \ aligned parallel to the rolling direction may 

because 

be viewed as a favourable one/,for fee crystals <^111^ 
direction is the easiest direction of magnetisation. 
Therefore the analysis of data has been made with this 
assumption that the particular value of a parameter for 
which the two textures (100) <^001^ and (123) ^111^ hecome 
prominent, was the best condition for developing possibly 
the best magnetic propert.y (but possibly not the best 
condition for developing the most prominent single texture 
with cube orientation of grains). If we assume this, then 
we find that 96^ cold reduction produced the best texture. 
It is clear from the Table IX that poles 1,2, 3 »7 and 8 
are not very sensitive to percent cold reduction if it 
is greater than 90^ • intensity of pole 5» however, 

appears to increase with increasing cold reduction. The 
data of Table IX also supports the earlier conclusion 
(drawn for cold rolled textures) that the percent reduction 
near about 96^ is necessary to develop reasonably prominent 
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cube texture. The intensity data for 97^and 98^ cold 
reduction also supports the findings^^’^? that excessive 
cold rolling may be detrimental to the production of 
cube texture. The present data indicates that the percent i 
cold reduction to be given to the material to produce 
sharp cube texture is rather critical. 

7.2.3 Effect of Annealing Temperature on Annealed Texture ' 

The effect of annealing temperature was studied ; 
with an alloy cold reduced by 94*^5. Specimens were annealed 
at 90 q'^, 950°C, 1000*^0, 1058°Cand 1100*^0 for the same ' 

length of time (4 hrs). The relative intensity data are 
tabulated in Table X. It is clear from the table that 
annealing at 1058°C produced the best result in this alloy. 
Since 96^ cold reduction was found to give the best 
texture in 48 permalloy, a check was made by annealing 96^ 
cold reduced alloy at 1058°eand 1120°C (Table X). The 
tabulated data p.gain shows that 1058°C annealing produced 
better texture than that produced by higher annealing 
temperature, Eor want of specimen, no study of 96%cold 
rolled alloy was made at temperatures "iower than 1058°C. 

7.2.4 Effect of Annealing Time on the Annealed Texture 

The effect of annealing time on texture was studied 
with two sheets with slightly different percent cold 
reduction (96)4 and 97% cold reduction) at two temperature 
levels, 1058°C and 1120°C. The annealing time used were 
4 hrs , 6 hrs , 8 hrs and 16 hrs. Eor experimental diffi- 
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cu.l'ties. 'tten'tioiied Ga.2*lier, "tiie longop ann ©alings were 
performed in steps of 4 hr interrupted annealing. The 
intensity results are tabulated in Table XI. For the 
cold reduction case 4 hr annealing at 10 58°C appears to 
§1^® the best result whereas at 1120*^0, a 6 hr annealing 
was foimd to give the best result. Use of longer annealing 
time appears to increase the intensity at the pole location 
1 for the 96^cold reduced material. Thus, use of shorter 
annealing time in the range of 4 to 6 hrs appears to produce 
good result when the percent reduction in thickness 
is 96 ^. For the 97 old reduced material, however, the 
results do not give any clear picture. Por example, a 
16 hrs annealing at 1058°C appears to produce the best 
result whereas at 1120°C, there is a considerable change 
in relative intensities (in more or less a random manner) 
at different pole locations and hence it is not easy to 
determine at which time the best texture was obtained. It 
is not clear why the pole intensities varied in random 
manner for different choice of annealing time. Since 1120*^0 
was not considered as one of the favourable temperature 
for annealing, the present batch of Ui-Pe alloys, no further 
study was made to investigate the reason for this random 
variation in intensities, 

V.3 Identification of Othei* Process Variables 

The above results indicate that for 48 permalloy 
used in this investigation 96 ^ cold reduction followed by 
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texture. The texture produced, however, contained besides 
the desirable texture considerable amount of secondary 
textures which are undesirable from magnetic property 
point of view. Hence, possibility of other process 
variables were thpmght of. On chemical analysis of the 
first set of specimens^it was found that they contained 
very little of Mn (less than 0.1^^) whereas about 0.5/^, 

Mn was put in. This trace amount of Mn was sufficient to 
make the material ductile- enough for hot and cold rolling. 
Since addition of ton to Ni-Fe alloy improves its ductility_^ 
it was thought probable that proper grain orientation 
could not be obtained because the material was not ductile 
enough due to lack of proper amount of Mn in the alloy. 

On this assumption it appears that a possible process 
variable is the Mn content of the alloy. 

The copper type and brass type textures in fee 
metals are not characteristics of particular elements or 

alloys. For example transition from copper type to brass 

SI 

type texture is possible even in pure Gu ‘ through 

suitable choice of cold rolling temperature. For copper, 

rolling at liq. ^2 temperature produces Brass type texture 

whereas at room temperature complete copper type texture 

^'2 ' • - ■ ■ 

is produced. Similarly for stainless steel^ it was 

found that a texture transition can be achieved by rolling 
at elevated temperature. The texture transition in metals 
and alloys has been (iualitatively related to the stacking 
fault energy. Stacking fault energy depends on alloying 
element contents and fault frequency depends on temperature 
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of deformation. The change in stacking fault energy or 
stacking fault frequency when Pe is added to Hi is rather 
small. Moreover, in the present case Pe content is 
fixed. jiffect of Mn additions on the stacking fault energy 
and stacking fault frequency is larger than that of Fe but 
in order to change these quantities considerably large 
amount of Mn, than is normally present in the permalloys, 
is needed. Thus, of the two variables Mn content and 
temperature of cold rolling, the more effective one for 
permalloy is expected to be the latter one. It should be 
noted here that none of the published literature indicate 
the necessity of warm rolling of permalloy to produce the 
desired texture. 

V.4 Study of permalloys with new Process Variables 

' The next phase of work thus involved the study of 
the effect of iVin content and cold rolling temperature on 
the texture produced. For this study, the results obtained 
through the previous study (mentioned above) were utilized, 
namely that 96^cold reduction, 1058°C annealing for 4 hrs 
produced the best texture in 48 permalloy. For want of 
time this study was restricted to two levels of intended Mn 
contents, 0.5y*Mn and 1.5%,Mn, and three or four level of 
rolling temperatures varying between 100°C to 400°C. As 
mentioned earlier, the specimens had to be heated about 
100°G above the desired cold rolling temperature and were 
rolled only when the temperature of the sheets reached the 
desired rolling temperatfire. The general effect of addition 
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of more Mn (on analysis the Mn was found to he 1.2’^) 
was that during hot rolling^ 4 edge cracking was considerably 
reduced and the specimens appeared to be more ductile as 
they were more easy to cold roll. 

V.4*l Cold Rolled Texture 

The cold rolled texture of 0.5y^Mn at higher cold 
rolling temperature .(200°G) showed (Fig. 39 ) no improve- 
ment over the room temperature one and at 400°C (Fig. 40 ) 
the cold rolled texture showed a tendency towards greater 
randomness. The cold rolled textures of 1*45^ Mn alloys 
(Figs. 41 and 42), on the other hand, were found to show 
a sharp ear corresponding to the intensity distribution 
around pole G (Fig. 12) indicating that the developed 
copper type texture was sharper than the previous cases. 

The secondary texture represented by the poles D,B,F were 
not, however, eleminated. 

V.4.2 Annealing Textures 

The annealing texture data are shown as pole figures 
in Figs. 66 to 71 and the relative intensity data are 
shown in Table XII. The annealed texture of 0 . 5 %J']h perm- 
alloy and for different cold rolling temperature showed 
no improvement of texture (see Table XII) indicating that 
an increase in cold rolling temperature alone (when Mn 
content was about the same) did not help in the improvement 
of texture. This result may be expected^ since elevated 
temperature cold rolling did not produce appreciable change 
in texture compared to the room temperature cold rolling. 
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On annealing 48 permalloy with 145^^ Mn also did not show 
much change in texture when cold rolled at 150°C. However, 
when it was cold rolled at 250 C and annealed at 1058^0 
for 4 hrs, a favourable texture was produced (see table 

XII). In this case, the intensity of pole 6 as well as 

# 

at pole 4, the two favuurable textures, were quite high 
whereas the intensity of all other poles (1,2, 3, 5, 7 and 8) 
were reasonably low. It is of interest to see that the 
high temperature (250°C) rolling of 1.25^Mn permalloy has 
been able to reduce the intensities at pole locations 
1, 2, 3> 5 which was not possible through the change of 
any other process variables. The reproducibility of 
achieving" this texture was checked by reannealing another 
specimen from the same stock. The two textures agreed 
quite well with each other. 

From the results it appears that for achieving 
favourable texture in 48 permalloy, Mn content should be 
high and the rolling has to be performed at elevated 
temperature. Since only one higher level of Mn (1.2y©) 
was tried, it is not possible to say from the present 
results what will be the optim"um level of Mn in 48 perm- 
alloy because no magnetic loss experiment was performed with 
the present alloy. Similarly cold rolling at 250 C may 
not be the most appropriate rolling temperature to produce 
the best texture. More experimentation will be needed to 
find the appropriate Mn content and rolling temperature. 
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V.5 Magnetic Study of 48 Permalloys 

It has been stated earlier that magnetic measure- 
ments were done with a magnetometer because Epstein test 
fra]ii.e rec3.uired a large amount of material# Moreoveri the 
test frame could not be calibrated within the limited 
time* The sample req.uired for magnetic measurements with 
a magnetometer is a piece of sheet. Since the 

required specimen size is rather small and it may have an 
imperfect cube texture, it is expected that the ma^etic 
properties may vary for different specimens even when they 
are cut from the same annealed sheet. As no other alternate 
measuring facility was available, the magnetometer was 
utilised to have some first hand information regarding 
the change in magnetic property of permalloy sheets due 
to different mechanical and theripal treatments. 1 

I' 

The magnetic test results (in terms of M vs H) are 
shown in Figs. 74 and 75* Fig. 74 shows the magnetic 
properties of sample 2 (94^0. R.) when treated differently - 
in the as cast state, cold rolled state, cold rolled and 
annealed (645°C and 1058*^C) state. As is expected, the , 

magnetic property (as indicated by the M vs. H curve) of 
the 1058°C annealed sheet is better than the other speci- 
mens. Two different samples from the same 1058°C annealed 
stock were tested and the res\ilts (Fig. 74) show? that 
there is a considerable difference in the early part of the 
M vs H curve for the two samples. This observation supports 
our previous expectation tliat a. small sample will not ^ 



H values were obtained by extrapolation of the fi. 
quadrant demagnetisation curve into theZflWHffl quad; 
(insert in Pig. 75)- Since the magnetic field cou 


represent the average magnetic property of an annealed 
sheet specimen. 

J'ig. 75 shows the M vs H curves of 48 permalloys 
with different percent reduction in thickness (90^ to 98^ 
but with the same annealing time and temperature (1058°C 
for 4 hrs). Here, sample 1 (907^C.R.) shows the best 
magnetic property whereas from the texture results sample 
2(a) (96y^C.R,) is expected to show the best result. In 
view of the observations made with samples cut from the 
Same rolled and annealed sheet (Pig, 74) > the difference 
in the M vs. H curves of all the specimens shown in Pig. 75 
may be considered to be due to the small specimen size. 

All the results presented here show that near 
saturation condition for the sample occur at a reasonably 
large field. This might possibly be due to the fact that 
several types of textures are present in the sheet speci- 
mens. Mo:^eover, the alloys were not analysed for impurities 
like it is not known what effect is produced by the 
impurities on the magnetic properties. 

Using the small specimens, an attempt was made to 
determine the residual magnetisation and coercive force 
H for the specimen 2. Only the first quadrent part of the 
hysterisis loop was determined. The difference between the 
magnetisation and the demagnetisation curve was quite small. 
The typical M value was 0 $ , emu/gm and H 40e. ' 
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be measured with accuracies better than + 1 Oe and the 
characteristics of the magnet power supply (which was 
insensitive to the creation of low fields) could not 
be determined with greater accuracy. No further magnetic 
measurement was possible because of the break down of the 
magnet and the magnetometer. 



Effect of Perceat Reduction on Arjneaiing Texture at a Fixed Temperature 
( 1058^0) and time (4 hrs.) 
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CHAPTER VI 


CONCLUSION 



CHAPTER VI 
CONCLUSION 


From the ^present investigation on the development 

of cube text-ure248 permalloy, the following conclusions 

can be drawn; 

(1) Cold reduction without intermediate annealing does 
not produce prominent copper type texture. Prominent 
copper type texture alongwith some secondary texture 
is produced when cold reduction in thickness is 96 
and above. 

(2) Prominent cube texture appears to be produced by 
annealing cold rolled material in a narrow temperature 
range around 1058°C. Higher annealing temperature 
appears to produce strong secondary textures. 

(3) Prominent cube texture could be produced by annealing 
cold rolled material at 1058°C for 4 hours. Longer 
annealing time invariably produced more pronounced 
secondary texture. 

(4) Elevated temperature cold rolling of permalloy followed 
by proper annealing appears to sharpen cube texture 

to some extent as the rolling temperature increases 
from 100°C to about 200°C. At still higher rolling 
temperatures the texture tends to become random. 

(5) Increase in Mn content, keeping all other process 
variables same, does not appear to improve the cold 
rolled as well as the annealed texture. 
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(6) Increase in Mn content to about l^and use of elevated 
temperature (about 250°C) for cold rolling appears to 
sharpen the cube texture in 48 permalloy. 
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Table 2: Intensity Correction factor for various ;?and /.t values; 

&= 9*0° 


is ■*> 


-ci\ 

1,0 

1.1 

1.2 

1,3 

1,4 

1.5 

1.6 

1.7 

0 

1,000 

1.000 

1.000 

1.000 

1,000 

1.000 

1.000 

1.000 

5. 

1,039 

l.C4'2 

1.045 

1,048 

1.051 

1,054 

1,057 

1,060 

10 

1.054 

1.059 

1.063 

1.067 

1.072 

1.076 

1.080 

1.085 

15 

1.071 

1.078 

1.084 

1,091 

1,098 

1.104 

1,111 

1.118 ; 

20 

1.090 

1. lOOt 

1.110 

1,120 

1,131 

1.141 

1,152 

1,162 

25 

1.113 

1.128 

1.143 

1.158 

1.174 

1.189 

1,205 

1.221 : 

30 

1 « 142 

1.163 

1.185 

1,208 

1.230 

1.250 

1.277 

1.301 1 

35 

1.180 

i;211 

1.242 

1,275 

1.308 

1.341 

1.376 

1.411 : 

40 

1.234 

1.278 

1.323 

1.369 

1.417 

1.466 

1,517 

1.570 1 

45 

1.313 

1.375 

1.440 

1.507 

1.578 

1,651 

1.728 

! 

1.807 

50 

1.434 

1.525 

1.621 

1.722 

1.829 

1,942 

2.062 

2.188 1 
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1.8 

1.9 

2 

0 

1.000 

1.000 

1.000 

.cr 

1.065 

1.066 

1.069 

10 

1.089 

1.094 

1.098 

15 

1.125 

1.132 

1.139 

20 

1.173 

1.184 

1.195 

25 

1.237 

1.254 

1.270 

30 

1.325 

1.350 

1.375 

35 

1.447 

1.484 

1.522 

40 

1.624 

1.680 

1.737 

45 

1.891 

1.977 

2.068 

50 

2.321 

2.462 

2.610 
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2.1 

2,2 

2.3 

2.4 

1,000 

1.000 

1.000 

1.000 

1.073 

1.076 

1.079 

1.082 

1.103 

1.107 

1.112 

1.116 

1,146 

1.153 

1.160 

1.167 

1.206 

1.216 

1.227 

1.239 

1.287 

1.304 

1.321 

1.338 

1.400 

1.426 

1.452 

1.479 

1.561 

1.600 

1.641 

1.622 

1.797 

1.852 

1.921 

1.986 

2.162 

2.260 

2.362 

2.468 

2.767 

2,932 

2*106 

3,289 
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^ \ = 9aQ- 

\ /ixt ■ ■ ■ ■ ■' ^ 

-lA <-i»l ID -lO -i 'a 


\ 

\. 

-cX \ 

\, 

1,0 

1.1 

1.2 

1.3 

1.4 

1,5 

1,6 

1.7 ’ 

0 

5 

1.040 

1.043 

1.046 

1.049 

1.052 

1,055 

1,058 

1,061 

10 

1.055 

1.060 

1.066 

1,068 

1.073 

1.077 

1.082 

1.086 

15 

1,072 

1,079 

1.086 

1.092 

1,099 

1,106 

1. 113 

1,120 

20 

1.091 

1,101 

1,112 

1,122 

1,132 

1.143 

1,154 

1.164 

25 . 

1.111 

1*189- 

1.145 

1,160 

1,176 

1,191-. 

1.207 

1,223 

30 

1.144 

1.165 

1.187 

1,210 

1,233 

1.256 

1,280 

1.304 

35 

1.183 

1<^4 

1.245 

1,278 

1.311 

1,345 

1,379 

1.415 

40 

1,237 

1.2 S 1' 

1.326 

1,373 

1,421 

1.470, 

1,521 

1.574 

45 ■ 

1,316 

1,379 

1.444 

1.512 

1*583 

1.657- 

1.734 

1.814 

50 

1,439 

1.630 

1.627 

1.728 

1,836 

1,950 

2,070 

,2.197 
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1.000 

liooo 

1,000 

5 

1*065 

1.068 
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IS 
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1. 141 

1.148 

1.155 

1.162 

1.170 
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1.175 

. 1. 186 

1.197 

1.207 

1.219 

1.230 

1.241 

25 

1.240 

1.256 

1.273 

1.290 

1.307 

1.324 

1.345 

30 

1.328 

1.353 

1.378 

1.403 

1.429 

1.466 

1,483 

35 

1.451 

1.488 

1.526 

1.565 

1.605 

1.645 

1.687 
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1.629 

1,685 

1.743 

1, 803 

1.864 

1.927 

1.993 

45 

1,898 

1,985 

2.075 

2,170 

2.268 

2.371 

2.477 
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2,331 

2,473 

2.622 
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2,945 
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3.305 
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1 . 13 1 
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1.162 
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1.14 G 

1. 168 

1.168 

1.212 

1.2 S 5 

1.25.9 

1.282 

1.306 1 
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1. 185 

1.21 G 

1.248 

1. 280 

1.314 

1*348 

1.383 

■■ 

1.418 

■10 

1. PAD 

1. L ’ i 44 

1.281 

1,376 

1.426 

1.474 

1.526 

1.579 ; 

45 

1.320 

1.3 S 3 

1.448 

1.517 

1,588 

1.662 

1.740 

1.820 

50 

1.4''14 

1.536 

1.536 

1.735 

1,843 

1.958 

2.079 

, , 

2*207 


173 


Tab]-C ;? Gontd* 

rmi( 

1,8 


0 

1.000 

5 

1*066 

10 

1*092 
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1*177 

26 

1.242 

30 

1.331 

36 

1.456 

40 

1.634 

45 

1.904 

50 

2.341 


1*9 

2 

1*000 

1.000 

1.069 

1.072 

1.097 

1.101 

1.136 

1.143 

1.188 

1.199 

1.259 

1.276 

1.356 

^ 1.381 

1*492 

1.530 

1.690 

1.749 

1.992 

2.033 

2.484 

2*634 


2*1 

2*2 

1*000 

, r l.GGO 

1*075 

1*079 

1*106 

i.m 

1.150 

1,157 

1 . 21 Q : 

1.221 

1.292 

1.310 

if 

1.407 

^ 1.433 

1.669 

1.609 

1.809 

1.870 

2.178 

2.277 

2.792 

2.959 


9 - - 9>2 

2*3 2*4 


1.000 

1.000 

1 * 082 . 

1.085 

1 . 115 , . 

1.120 

1 - 104 ,, 

1,171 

1.232 : 

1.244 

1 . 327 , 

1,345 

1 . 460 , 

1.487 

1*650 

1.692 

1.934 

2.000 

2.380 

2.488 

3.135 

3.320 
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-'X \ 

1.0 

1,1 

1.2 

1.3 

1 1 4: 

1,5 

1,6 

1.7 

5 

1.041 

1,045 

1.048 

1,051 

1,054 

1,057 

1.031 

1.064 

10 

1,057 

1,062 

1,066 

1,071 

1.075 

1,080 

1.084 

1.089 

15 

1,074 

1.081 

1,088 

1,095 

1.102 

1,109 

1,116 

1,123 ; 

20 

1.094 

1.105 

1.115 

1,125 

1,136 

1,146 

1.157 

1,168 

25 

1. IIB 

1. ].33 

1,148 

1.164 

1. 180 

1,196 

1,212 

1,228 

30 

1. 1'iS 

1.170 

1.192 

1, 215 

1.238 

1,261 

1.285 

1.30 1 

35 

1. 188 

1.219 

1.251 

1,283 

1.317 

1,351 

1.386 

1,422 i 

40 

1,243 

1. 287 

1.333 

1.380 

1.429 

1,479 

1.530 

1.584 

45 

1,324 

1,387 

1.453 

1.522 

1.593 

1.668 

1.746 

1,827 

50 


1,541 

1.639 

1,742 

1,851 

1.966 

2.088 

2.216 i 
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1*8 

1.9 

2 

2.1 

2.2 

2.3 

2.4 

0 

1,000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

6 

1.068 

1.072 

1.073 

1.077 

1.080 

1.083 

1.087 

10 

1.095 

1.100 

1.103 

1.108 

1.112 

1.117 

1.122 

15 

*1 „ 1 

1.139 

1.145 

1.152 

1.159 

1.166 

1.174 

20 

1.181 

1.192 

1.201 

1.212 

1.223 

1,235 

1,246 

25 

1.247 

1.264 

1.278 

1.295 

1.313 

1,330 

1.348 

P 0 

1 0*7 

1.362 

1.385 

1.410 

1.437 

1.464 

1.491 

35 

1.463 

1.500 

1.535 

1.574 

1.614 

1.655 

1.697 

40 

1.644 

1.701 

1.754 

1.814 

1.877 

1.941 

2.007 

45 

1.919 

2.000 

2.091 

2.137 

2.286 

2.390 

2.498 

50 

2.362 

2*506 

2.646 

2.805 

2.972 

3.144 

3,336 
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5 

1.042 

1.045 

1.049 

1.052 

1.055 

1. Q 58 

1.062 

1,065 

10 

1.058 

1.063 

1.067 

1,072 

1,077 

1.081 

1.086 

1.091 

15 

1.075 

1.083 

1.089 

1.096 

1.103 

1.110 

1,118 

1,125 

20 

1.096 

1.106 

1.116 

1,127 

1,138 

1,148 

1.159 

1.170 

25 

1.119 

1.135 

1.150 

1.166 

1.182 

1.198 

1, 214 

1,231 

30 

1,150 

1.17)2 

1.194 

1.217 

1. 240 

1,264 

1.288 

1,312 

35 

1.190 

1.221 

1.253 

1,286 

1,320 

1.354 

1.390 

1.426 

40 

1.246 

1. 290 

1.337 

1.384 

1.433 

1.483 

1.535 

1.589 

45 

1.328 

1.391 

1.458 

1,527 

1.599 

1.674 

1,752 

1.833 


50 1,454 1.547 


1.645 1,749 1,858 1.974 


2,097 2.226 
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0 

1.000 

5 

1.0.68 

10 

1,096 

15 

1.132 

20 

l.lSl 

25 

1. 248 

30 

1.337 

35 

1.463 

40 

1,644 

45 

1.919 

50 

2.362 


1.000 

1.000 

1.072 

1.075 

•1.100 

1.105 

1.139 

1.147 

1.193 

1.2 C 4 

1*264 

1,281 

1.363 

1.388 

1.501 

1.639 

1.701 

1,760 

2,007 

2.099 

2.506 

2.658 


1,000 

1.000 

1,078 

1.082 

1.109 

1.114 

,1.154 

1.161 

1. 215 

1.226 

1.298 

1.316 

1.414 

1.441 

1.579 

1.619 

1,821 

1.883 

2,195 

2.295,. 

2.818 

2,986 


1.000 1,000 

1.085 1,089 

1.119 1.124 

1.168 1,176 
1.237 .1,249 
1.337 1.351 

1.468 1,495 

1.660 1,703 

1.948 2,015 

2.399 2,508 

3.164 3.351 


178 




Tali l Q,, 6 - = 9,5° 



it 1.0 

\, 

1.1 

1.2 

1.3 

1,4 

1,5 

1.6 

1.7 

5 

1.043 

1.046 

1.049 

1.053 

1.056 

1.059 

1.063 

1. 066 ; 

10 

1.059 

1, 064 

1.068 

1.073 

1.078 

1.082 

1.087 

1.092 ; 

15 

1.077 

1.084 

1.091 

1.098 

1,105 

1,112 

1.119 

1.126 

20 

1.097 

1.107 

1.118 

1.129 

1.139 

1.150 

1,161 

1.172 1 


1. 121 

1. 137 

1. 152 

1.168 

1.184 

1.200 

1,216 

' 

1,233 1 

30 

1, 152 

1.174 

1.197 

1.220 

1,243 

1.267 

1,291 

1.315 1 

35 

1. 193 

1 . t'U 

1.256 

1.289 

1.3.2 S ' 

1,358 

1.393 

1,430 1 

-10 

1.249 

1. 291 

1,340 

1.387 

1.437 

1.487 

1.540 

1.594 1 

45 

1.332 

1.396 

1.462 

1.532 

1.604 

1.679 

1,758 

1.840 

50 

1.460 

1.563 

1.651 

1.766 

1.866 

1.982 

2.105 

2,235: 
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'■\^t 

1.0 

1.1 

1,2 

1.3 

1,4 

1.5 

1.6 

1.7 

"A 









5 

1.043 

1.046 

1.049 

1.053 

1.056 

1.059 

1.063 

1.066 : 

10 

1.059 

1. 064 

1.068 

1.073 

1.078 

1.082 

1.087 

1.092 : 

15 

1.077 

1.084 

1.091 

1.098 

1.105 

1,112 

1.119 

1.126 : 

20 

1.097 

1.107 

1.118 

1.129 

1.139 

1.150 

1.161 

1.172 : 

25 

1. 121 

1, 137 

1.152 

1,168 

1.184 

1.200 

1.216 

1.233 1 

30 

1.152 

1.174 

1.197 

1.220 

1.243 

1.267 

1.291 

1.315 : 

:'35 

1.193 

1 , 224 

1,256 

1.289 

1 . 34 S 

1,358 

1.393 

1.430 1 

40 

1.249 

1,291 

1.340 

1.387 

1.437 

1.487 

1,540 

1.594 

45 

1.332 

1.396 

1.462 

1.532 

1.604 

1.679 

1.758 

1.840 ! 

50 

1,460 

1.553 

1.651 

1.756 

1.866 

1.982 

2.105 

2 # 235 . 
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1.8 

1.9 

2,0 

0 

1.000 

1.000 

1.000 

5 

1.070 

1.073 

1.076 

10 

1.097 

1.101 

1.107 

15 

1.134 

1.141 

1.149 

530 

1. 183 

1.194 

1.206 

26 

1. 250 

1.267 

1,284 

30 

l .:341 

1.366 

1. 391 

35 

1.467 

1.505 

1.543 

40 

1.649 

1.707 

1.766 

45 

1.926 

2.015 

2,108 

50 

2.372 

2.517 

2.670 


& = 9* 5 


2.1 

2.2 

2.3 

2,4 

1.000 

1.000 

1,000 

1,000 

1,080 

1,083 

1,087 

1.090 

1.111 

1.116 

1.121 

1.126 

1,156 

1.163 

1.171 

1.178 

1.217 

1.229 

1.240 

1. 252 

1.302 

1.319 

1.336 

1.355 

1.418 

1.445 

1.471 

1.499 

1.583 

1.624 

1.665 

1.708 

1.827 

1.890 

1.954 

2.021 

2.204 

2,304 

2.409 

2.518 

2.831 

3.000 

3,17 

3,367 
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&= 9.6 


1.8 

1.9 

2,0 

2,1 

2.2 

2,3 

2i4 

0 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

5 

1.071 

1.074 

1.078 

' 1.081 

1.085 

1.088 ■ 

1.092 

10 

1.098 

1.103 

1.108 

1.113 

1.118 

1 , 123 ' 

1.128 

15 

1.135 

1.143 

1.150 

1.158 

' 1.165 

1 . 178 ' ■ 

1.180 

20 

1.185 

1.197 

1,208 

1.219 

1,231 

1 . 243 ' 

1,254 

25 

1.252 

1.270 

1.287 

1.304 

1.322 

1 . 340 “ 

1.358 

30 

1 . 343 ' 

1.369 

1.395 

1.421 

1,448 

1.476 

1.503 

35 

1.471 

1.509 

1.548 

1.588 

1.629 

1.671 ’ 

1.713 

40 

1.654 

1.712 

1.772 

1.833 

1.896 

1.961 

2.029 

45 

1.933 ‘ 

2.022 

2.116 

2.213 

■’ 2.314 

2.419 

2.529 

60 

2.383 ’ 

2*529 

2.682 

2* 844 

3,014 

3.194 

3.384 
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1.0 

1.1 

1# s 

1.3. - 

1#'4: 

1,5 

1.6 

1.7 

0 

1.000 

1.000 

1.000 

1.000 

1.000 

1,000 

1,000 

1.000 

5 

1. 044 

1.047 

1.050 

1.0£ f . 

1.05$ 

i.oa 

1.064 

1.067 


1.060 

1.065 

1.069 

1.074 

1.079 

1.084 

1.089 

1.093 

fm. 

JJJ 

1.078 

1.085 

1.032 

1.099 

1.106 

1.114 

1.121 

1.128 

20 

1.098 

1.109 

1.129 

1*130 

1.141 

1.152 

1.163 

1.174 

OR 

L.J %,J 

1.123 

1.138 

1.154 

1,170 

1,186 

1,202 

1,219 

1,235 

30 

1. 154 

1.176 

1.196 

1.222 

1.245 

1.269 

1,294 

1.318 

35 

1,195 

1.227 

1.259 

1.292 

1.327 

1.3 C 1 

1.397 

1.433 

40 

1.252 

1.297 

1,343 

1.391 

1,441 

1.492 

1.545 

1,598 

45 

1.336 

1.400 

1.467 

1.537 

1,609 

1,685 

1.764 

1,847 

50 

1*465 

1.559 

1,560 

1.763 

1.874 

1,991 

2.115 

2» 24:5 


182 


Table g contd. =:9»7 



1,0 

1 ♦ 1 

1.2 

1,3 

1.4 

1.5 

1.6 

1.7 

0 

1,000 

1.000 

1.000 

1.000 

1,000 

1,000 

1,000 

1.000 ; 

5 

1,044 

1,048 

1.051 

1.055 

1.058 

1.062 

1.065 

1.069 ; 

10 

1.061 

1.066 

1.071 

1.075 

1.080 

1,085 

1.090 

1.095 1 

15 

1,079 

1.086 

1.093 

I.IQ. 

1,108 

1.115 

1.123 

1.130 i 

20 

1,100 

1. 110 

1.121 

1,132 

1, 144 

1.154 

1.165 

1.176 

25 

1.125 

1,140 

1.156 

1.172 

1.188 

1.205 

1.221 

1.238 I 

30 

1,166 

1.117 

1,201 

1,224 

1.248 

1.272 

1,297 

1.321 1 

35 

1.197 

1,229 

1.262 

1.296 

1.330 

1.365 

1,401 

1.437 

40 

1.255 

1.300 

1.347 

1.395 

1.‘416 

1.496 

1.549 

1.603 j 

45 

1,340 

1.404 

1 . 47 2 

1.542 

1,615 

1.691 

1.771 

1.854 

50 

1*470 

1.565 

1.664 

1,770 

1.881 

1.999 

2.124 

2.255 
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1.8 

1.9 

2.0 

2.1 


2.3 

2,4 

0 

1.000 

1.000 

1,000 

1,000 

1.000 

1.000 

1.000 

5 

1.073 

1,076 

1.079 

1#083 

1.086 

1.090 

1,094 

lO 

1.100 

1.105 

1.110 

1,115 

1, 120 

1.125 

1.130 

15 

1.137 

1.145 

1.152 

1.160 

1*168 

1.175 

1.183 

20 

1.1B8 

1. 109 

1.210 

"1 

4- • 1.4 Cl 

1,234 

1.245 

1,257 

26 

1. 255 

,L« tU ( Cj 

1.289 

1,307 

1.325 

1.343 

1.361 

30 

l.rJ47 

“1 

X « O f 

1.399 

1,425 

1.452 

1,480 

1.507 

35 

1.475 

1.513 

1,552 

1.593 

1.634 

1.676 

1.719 

40 

1.660 

1.718 

1.778 

1,839 

1.903 

1.968 

2.036 

46 

1.040 

2. 230 

2,124 

2,221 

2.323 

2.429 

2.539 

50 

2.394 

2.540 

2.694 

2.857 

2.029 

3.20 

3,400 
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1.0 

»L * i 

1.2 

1.3 

I# '1 

1.5 

1.6 

1*7 

0 

1.000 

1.000 

1.000 

1,CX)0 

i# 000 

1.000 

1.000 

1.000 

5 

I.O'IO 

.i.o.or: 

,1 .o.'-o 

1 , c )! -i ; 

1.059 

1.063 

1.067 

1.070 

10 

i.ou:: 

l.'H'.? 

UC)?:: 

1.077 

1.081 

1,087 

1.091 

1.096 

3.5 

:uoao 

1.007 

l.01>5 

i.io- 

1 • iOO 

1.117 

1.124 

1.132 

20 

1. 101 

In. ll.#"'* 

i.l22 


« 

1. 115 

1.156 

1.167 

1.118 

25 

i.ise 

1. 113 

1. 158 

1 * 1 » 

1,119 

1,207 

1,224 

1.241 

30 

!• 158 

1.181 

i.2o: 

l.2:':’7 

1. , 1 1 1. 

1.275 

' 1.299 

1.324 

35 

1.200 

X. < I'* '* • 

1.1X15 

Xm 

1 ooo 
X, MiJO 

1.368 

1.404 

l.'lll 

•10 

1* 258 

i.3o: 

1.351 


1.'119 

1.501 

1.554 

1.609 


1.3’'ll 


l.‘.:70 

1 . 5 ■ *■ 

1.020 

1.697 

1.777 

1.861 

50 



1.071 

1,777 

1.B89 

2.008 

2.133 

1,265 
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X .8 

1.9 

2.0 

0 

1*000 

1*000 

1.000 

5 

1*074 

1.077 

1.081 

10 

1.101 

1. 106 

1.111 

16 


1. 117 

1.154 

20 

1.190 

1.202 

1. 213 

25 

1.258 

1.275 

1.292 

30 

i ..-: j 50 

1.376 

1.'102 

35 

1.479 

1.517 

1.557 

'10 

JL m 

1.723 

1.783 

M fm 

•15 

1.918 

2.038 

2.132 

50 

2. 4-05 

2.562 

2.707 


© = 9*8 


2U 

212 

2 ;s 

2;4 

1.000 

1,000 

1.000 

1.000 

1*084 

1.088 

1.092 

1.099 

1.117 

1.1S2 

1.127 

1.132 

1.162 

1.170 

1.178 

1.185 

1.225 

1.237 

1.248 

1.260 

1.310 

1.328 

1.346 

1, 364 

a *429 

1.456 

1.48‘1 

1.612 

1.697 

1.639 

1.681 

1.79-1 

1.846 

1.909 

1.975 

2.044 

2.230 

O O 0-0 

2.439 

2.555 

2.871 

3.043 

3.225 

o. .'117 

iJ # ‘ 1; J- f 
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6 - = 9 * 

9 


1.8 

1.9 

2 

2.1 

2.2 

2.3 

2 , 4 ^ 

0 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1 . 0 ( 

5 

1.075 

1.079 

1.082 

1.086 

1.090 

1.093 

1 . 0 ! 

10 

1.103 

1.108 

1.113 

1.118 

1.123 

1.129 

1.1 

15 

1.141 

1.149 

1.156 

1.164 

1,172 

1.180 

1.1 

20 

1.192 

1.203 

1.215 

1,227 

1.239 

1.251 

1.2 

25 

1.260 

1.278 

1.295 

1.313 

1.331 

1.319 

1.2 

30 

1.353 

1.379 

1,406 

1.433 

1.460 

1.488 

l .£ 

35 

1.483 

1.522 

1,561 

1.602 

1.644 

1.686 

1.1 

40 

1.670 

1.729 

1.789 

1.852 

1.916 

1.983 

2 .( 

45 

1.955 

2.046 

2.141 

2.239 

2 . 3^12 

2 . ■149 

2.1 

50 

2.416 

2.564 

2.720 

to 

# - 

00 

00 

3.058 

3.241 

3 .j 

. ' ■ i 
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1,8 

1.9 

'2.0 

0 

1,000 

1.000 • 

1.000 

s 

1.076 

1.080 

1. 084 

10 

1.105 

1.110 

1.115 

15 

1.143 ' 

1.151 

1.158 

20 

1.101 

1.206 

1.218 

25 

1.263 

1.280 

1.298 

30 

1.356 

1.383 

1.409 

35 

1.487 

1.526 

1.566 

40 

1.676 

1.735 

1.796 

45 

1.963 

2.054 

2.149 

50 

2.427 

2.576 

2.733 


8 ?- 10.00 


2.1 

2.2 

■ 2.3 

2.4 

1.000 

1.000 

1.000 

1.000 

1.087 

1.091 

1.095 

1.099 

1.120 

1.125 

1.131 

1.136 

1.166 

1.174 

1.182 

1.190 

1.239 

1.242 

1.254 

1.266 

1.316 

1.334 

1.353 

1.371 

1.436 

1.464 

1.492 

1.52C| 

1.607 

1.649 

1.691 

1.735 

1.858 

1.923 

1.990 

2.068 

! 

2,248 

2.352 

2,469 

2,571 

2.896 

3.073 

3.256 

3.451 


